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ABSTRACT 
Zeolite catalyzed fast pyrolysis offers a simple and robust approach to convert 
lignocellulosic biomass to aromatic hydrocarbons. During catalytic fast pyrolysis (CFP), 
cellulose, hemicellulose, and lignin are first thermally decomposed to bio-oil vapors that are 
further converted to aromatics in the presence of a ZSM-5 zeolite catalyst. The high 
temperatures required for CFP also favor coke formation, an undesired byproduct, through 
condensation of the oxygenated intermediates on ZSM-5’s outer surface and/or secondary 
reactions inside its micropores. 
Introducing mesopores through desilication represents a possible strategy to enhance 
mass transport and favor aromatic production over undesired coke formation. The effect of 
desilication on the structure, acidity, and performance of aluminum-rich ZSM-5 was studied 
and a detailed characterization of the structure obtained. Results indicate that mild desilication 
conditions do not significantly affect the elemental composition, crystallographic structure, 
microporosity, or distribution of aluminum atoms in framework and extraframework sites. 
However, the number of accessible Brønsted acid sites increased considerably (ca. 50%) as a 
result of the enhanced mesoporosity. Aromatic yields for desilicated samples were found to 
increase by 17% in the pyrolysis of red oak compared to the parent zeolite.  
The interplay of structural parameters under reaction conditions was also investigated 
with the objective to identify relationships that would facilitate further catalyst design. Here, 
we studied commercial and laboratory synthesized ZSM-5 zeolites and combined data from 
ten complementary characterization techniques in an attempt to identify parameters common 
to high-performance catalysts. Crystallinity and framework aluminum site accessibility were 
vii 
 
found to be critical to achieve high aromatic yields. These findings enabled us to synthesize a 
ZSM-5 catalyst with enhanced activity, offering the highest aromatic hydrocarbon yield 
reported to date. 
To clarify how mesoporous and highly crystalline zeolites decrease coke formation, the 
role of internal micropore diffusion and external mass transfer in the deposition of carbon was 
studied. Here, we decoupled the contributions of these parameters through the comparison of 
conventional in-situ experiments (biomass/catalyst physical mixtures) to zeolites with model 
compounds pre-adsorbed in the porous structure. Experimental results, diffusion 
measurements, and the calculation of the mass transfer Biot number point to micropore 
diffusion as the dominant cause of coke formation. Specifically, the presence of defects in the 
zeolite’s micropores was found to actively contribute to this undesired side reaction. 
Conversely, external surface barriers appear to play a minimal role in coking. 
In addition to catalyst optimization, the stability of ZSM-5 was studied to gain insights 
into the dynamic phenomena that may alter the catalyst structure under reaction conditions. 
Our results suggest high-aluminum content zeolites thermally degrade within hours above 600 
°C, emphasizing the importance of operating conditions on long-term catalyst performance. 
Detailed characterization of the thermally treated zeolites indicated that they retained the 
desired MFI crystallographic structure but displayed significant changes in Brønsted and Lewis 
acid site densities due to extensive dealumination. Depending on temperature, up to 50% of 
the aluminum initially present in the zeolite structure was lost to form extra-framework species 
that restrict the diffusion of reactants and products inside the catalyst particles. These 
alterations led to a 70% drop in performance for the catalyzed fast pyrolysis of cellulose. Low 
aluminum content ZSM-5 zeolites were more stable, suggesting a compromise must be found 
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between reaction temperature and catalyst features to achieve high activity and long-term 
stability.  
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CHAPTER 1: GENERAL INTRODUCTION 
1.1 Introduction: 
Fossil fuels supply most of the world’s demand for energy and commodity chemicals. 
Today, 83% of liquid transportation fuels and 96% of organic chemicals are derived from these 
non-renewable resources.[1-3] This heavy reliance is problematic as recent analyses have 
shown proven oil reserves have finite lifetimes and will likely be exhausted within decades at 
current usage rates.[4] Additionally, the processing and combustion of these oil-derived 
products releases CO2 at a rate several orders of magnitude faster than it can be captured, 
leading to accelerated global warming and other environmental concerns.[4] Accordingly, 
energy and chemical production must shift from fossil fuels to more sustainable sources.  
Lignocellulosic biomass emerges as a promising feedstock for supplying the chemical 
industry with renewable molecules that complement and/or replace chemicals from 
petroleum.[5-9] In contrast to fossil fuels, the plant growth needed to generate biomass 
removes atmospheric CO2, offsetting CO2 release from bio-fuel combustion. Conversely, there 
is currently no commercially viable method to remove CO2 resulting from fossil fuel 
combustion. Lignocellulose can also be produced at the large scale necessary to alleviate our 
fossil fuel reliance. The United States encompasses nearly 2263 million acres, of which about 
half has the potential to grow biomass.[10] For these reasons, significant efforts have been 
made to improve methods for the deconstruction of biomass. Among the primary processes 
developed to deconstruct and upgrade lignocellulosic biomass (pyrolysis, gasification, and 
biochemical), fast pyrolysis is the most economical for the production of fuels.[11] Stand-alone 
plants for these three processes are expected to produce biofuels in the range of $ 2.00 – 5.50 
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per gallon of gasoline equivalent with fast pyrolysis being the lowest and biochemical the 
highest. Additionally, fast pyrolysis results in the highest liquid fuel yield and retains the 
highest percentage of feedstock chemical energy.[11, 12]  
In the fast pyrolysis process, solid biomass is heated to high temperatures (500 – 700 
°C) to be thermochemically converted to light gases (CO, CO2), solid char, and organic vapors, 
which can be condensed to obtain the desired liquid bio-oil.[13, 14] Waste is minimal because 
the liquid and solid products can each be used as fuel and the gas recycled back into the process. 
The ratio between the gas, liquid, and solid fractions is particularly sensitive to the heating rate 
where fast heating rates on the order of 1000 °C/s are required to achieve bio-oil yields of 60 
– 70%.[15-18] The main byproducts are CO, CO2, and H2O, which result from 
decarbonylation, decarboxylation, and dehydration. These deoxygenation reactions are desired 
as they increase the energy density of the liquid fraction and, therefore, its potential as a 
biofuel.[19-22] Fast pyrolysis is also attractive because this versatile technology can 
accommodate a wide range of feedstocks. Over 100 types of biomass have been tested 
including agricultural wastes, energy crops, forestry wastes, and solid wastes – each feedstock 
producing a liquid product of different composition. Ligocellulose-derived bio-oil is a complex 
mixture of more than 300 oxygenated compounds, namely anhydrosugars, organic acids, 
aldehydes, ketones, furanics, and phenolics.[23] In this untreated state, bio-oil is unsuitable for 
direct use as a biofuel due to its low vapor pressure, low heating value, high acidity, high 
viscosity, and high reactivity.[23, 24] The low pH (2 – 3) is due to the abundance of carboxylic 
acids, mainly formic and acetic acid, making bio-oil corrosive towards common holding, 
processing, and sealing materials.[25] Aldehydes and ketones can also undergo aldol 
condensation under these acidic conditions causing the bio-oil to change composition and 
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increase in viscosity.[26] Furthermore, bio-oil is not readily separated into its individual 
components, complicating applications of this liquid. Current separation technologies either 
are not commercially feasible or result in significant polymerization of the bio-oil product. 
Most of these undesired characteristics are associated with the high oxygen content of bio-oil 
which can exceed 40 wt%.[23] Therefore, additional processes that involve one or several 
heterogeneous catalysts are required to decrease the oxygen concentration to less than 7%, 
allowing for stable blends with petroleum.[27]  
Various catalytic deoxygenation processes have been investigated and reviewed 
recently.[28-30] These processes promote oxygen removal through decarbonylation, 
decarboxylation, or dehydration. Dehydration, or removal of oxygen as water, is desirable in 
that it preserves the carbon in the final product but often requires a source of hydrogen. Without 
a large scale renewable source of cheap hydrogen, it is desirable to look to catalysts that operate 
under more sustainable atmospheres. Notably, catalytic fast pyrolysis (CFP), using zeolites as 
a catalyst, can be performed under a variety of inert and active atmospheres  to produce in a 
single step low molecular weight and deoxygenated hydrocarbons, which can be used either as 
fuels or as building blocks by the petrochemical industry.[26, 31-33] Zeolites are crystalline 
aluminosilicates composed of silica (SiO4) and alumina (AlO4) tetrahedra building blocks. The 
unfavorable coordination of aluminum atoms in the structure generates a negative charge that 
is compensated by H+ cations, providing zeolites with their characteristic Brønsted acidity. The 
performance of a zeolite for a given reaction depends on its acid site density, pore size, and 
crystallographic structure (pore network dimensionality, presence of large cages).[34-37] Of 
the over 200 different natural and synthetic zeolite structures, ZSM-5 has been identified to 
produce the highest aromatic yield.[33] This synthetic zeolite is particularly desirable for 
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reactions involving small aromatics as its narrow pore size matches the dynamic diameter of 
benzene. Consequently, only molecules with similar size and shape can diffuse in or out of the 
crystal, making ZSM-5 an excellent catalyst for the production of benzene, toluene, para-
xylene, and naphthalene, which are key building blocks for the production of polymers 
(polystyrene, nylon 6,6, polyester terephthalate, etc.), resins, gasoline additives, dyestuff, 
among others.[33]  
To better understand pathways and mechanisms over the zeolite catalyst, it is important 
to first look at the uncatalyzed process. The major constituents of biomass (cellulose, 
hemicellulose, lignin, organic extractives, and inorganic materials) have been investigated 
independently to simplify observed chemistries and kinetics.[23, 38] The thermal breakdown 
of hemicellulose and cellulose occurs in the 220 – 315 °C and 315 – 400 °C temperature ranges, 
respectively.[39] Both carbohydrates first decompose into smaller polymers and then form 
their respective monomers. These monomers can be condensed in the liquid product or further 
decompose to volatiles.[40, 41] Hemicellulose gives rise to less tar, less char, and more 
volatiles than cellulose.[42] Liquid products from cellulose predominately contain 
anhydrosugars such as levoglucosan while much of the acetic acid in bio-oil can be attributed 
to deacetylation of hemicellulose. Compared to cellulose and hemicellulose, the decomposition 
of lignin is more gradual, occurring in the range of 160 – 900 °C.[39] Lignin degradation 
begins by cleavage of the relatively weak non-aromatic bonds to form fragments that undergo 
a variety of cracking and repolymerization reactions. Simultaneously, low molecular weight 
functional groups leave as gases.[43] At high temperatures (>500 °C), lignin fragments are 
susceptible to rearrangements and oligomerization. Liquid products from lignin pyrolysis 
include an aqueous fraction (20 wt% of dry lignin), containing methanol, acetic acid, acetone, 
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and water, and an organic or “tar” fraction (15 wt%) composed mainly of homologous phenolic 
compounds.[23] Gaseous products following lignin pyrolysis (10 wt%) contain methane, 
ethane, and carbon monoxide.  Biomass also contains inorganic materials such as potassium 
and calcium that end up in the ash products. The fifth component of biomass, organic 
extractives, includes fats, waxes, alkaloids, proteins, phenolics, simple sugars, pectins, 
mucilages, gums, resins, terpenes, starches, glycosides, saponins, and essential oils.[23] These 
components can discharge as volatiles, decompose independently, or interact with the many 
products and intermediates present during fast pyrolysis. While each of these processes occurs 
simultaneously and secondary reactions should be considered, the thermal deconstruction of 
individual components alludes to the molecules that interact with the zeolite catalyst.   
Through the addition of zeolite, the over 300 different compounds initially formed are 
deoxygenated to improve bio-oil quality.[23] Zeolites catalyze cracking, aromatization, 
decarbonylation, decarboxylation, dehydration, cyclization, aromatization, isomerization, 
alkylation, disproportionation, oligomerization, and polymerization reactions.[38] The desired 
aromatic formation during the CFP of biomass with HZSM-5 can be generalized to an overall 
reaction pathway. Larger species are cracked by the outer surface of the zeolite catalyst 
producing small oxygenates, olefins, paraffins, CO, CO2, H2O, and H2.[44, 45] This is 
demonstrated by the conversion of all primary pyrolysis products independent of size. 
Aromatics are then formed by condensation and Diels-Alder reactions of olefins and 
dehydrated species.[44] To clarify routes to aromatization, model compounds with different 
oxygen functionalities have been tested over various zeolites. Low molecular weight alcohols 
have been shown to readily convert to olefins above 250 °C with deoxygenation occurring 
entirely through dehydration.[26, 46] Conversely, carboxylic acids and esters favor 
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deoxygenation through decarbonylation, preserving hydrogen in the products.[47] Finally, 
aldehydes and phenolic compounds are prone to coking.[46, 48] Coke, in addition to 
noncondensible gases and char, is a side product of this reaction. The formation of coke is the 
greatest barrier to the commercialization of zeolite catalyzed fast pyrolysis, accounting for over 
30% of raw biomass carbon.  
1.2 Thesis Background 
Coke forms during ZSM-5 catalyzed fast pyrolysis of biomass through two main 
pathways.[49] The first is thermal coke resulting from the polymerization of reactants and 
subsequent deposition on the outer surface. The second is catalytic coke that forms in zeolite’s 
pores due to interactions with acid sites. Both result in deactivation by covering (poisoning) 
acid sites and blocking pores. Several works attempted to decrease coke formation by 
enhancing diffusion, an approach commonly used in petrochemistry.[33, 50-54] Zheng et al. 
hypothesized that the slow diffusion of reactants and products in the ZSM-5 micropores 
represents the main limiting factor to achieve a high performance.[53] Therefore, this team 
proposed to shorten the diffusion path by decreasing the size of the ZSM-5 crystals. The 
authors compared 2 µm, 200 nm, and 50 nm crystals. Unfortunately, the results were 
ambiguous as the 200 nm crystals showed the highest aromatic yield but the 50 nm ZSM-5 
gave the highest yield of desired benzene, toluene, and xylene (BTX) products. Additionally, 
reaction residence times were 50 s, thus diminishing any benefits from improved diffusion.  
Alternatively, top-down methods such as post-synthetic desilication can be employed 
to introduce mesopores.[34] Alkaline desilication has been shown to improve transport and 
increase catalytic activity for a variety of petrochemical and biomass processing 
applications.[54-60] Groen et al. reported a two orders of magnitude enhanced rate of diffusion 
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for neopentane in NaOH desilicated ZSM-5.[55] Similarly, a 2–3 order of magnitude increase 
of the diffusion coefficient for cumene was achieved.[56] Others demonstrated greatly 
enhanced micropore accessibility for various styrene molecules using optical and fluorescence 
microscopy.[58] NaOH desilication has also been used to enhance activity, selectivity, and 
stability for methanol to gasoline and methanol to propylene reactions.[59, 60] Various 
parameters including temperature, NaOH concentration, reaction time, zeolite crystal size and 
aluminum content, have been investigated, and their effect on catalyst porosity and increase in 
performance has been reviewed.[61] Interestingly, the effect of desilication on catalytic 
activity is not as straightforward for biomass transformations as it is for more conventional 
petrochemical reactions. Several groups studied desilicated ZSM-5 for CFP of cellulose, 
lignin, miscanthus, and beech wood with various success.[54, 62] Li et al. observed an increase 
in aromatic yield from 23.7 to 30.1% for beech wood but no change for cellulose.[54] In 
addition, the observed trends seem to vary with the Si/Al ratio of the studied zeolite.[62] The 
origin of these inconsistencies remains unclear and may arise from undesired alterations of the 
investigated catalysts or differences in reactivity of the cellulosic and lignin fractions of the 
studied biomass. Despite these efforts, commercial ZSM-5 samples from Zeolyst International 
offer amongst the highest reported yields of aromatic hydrocarbons to date, and therefore, these 
catalysts were employed in most of the recently published studies.[63-65] The reason for this 
better performance has not been identified yet, and the lack of structure-activity correlations 
currently constitutes a major barrier for the rational design of ZSM-5 catalysts for CFP. 
While a systematic approach has not been taken to investigate structure-activity 
correlations for ZSM-5 catalyzed fast pyrolysis, previous research into related structures can 
serve as a foundation for this work. Specifically, we can look to the role of each acid site type 
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and the Al-free structure to further shed light on how materials’ properties impact reactivity. 
Silicalite, the Al-free ZSM-5 analogue, presents the same crystallographic structure as ZSM-5 
but does not contain any of the medium or strong acid sites due to extra-framework and 
framework aluminium. Silicalite has been shown to produce ca. 4 % aromatics, despite 
presenting only weak acid properties (silanol) at its surface.[66, 67] In contrast, aromatics were 
not observed when silica or alumina was used as a catalyst.[66, 67] These results indicate that 
confinement effects inside the pores of the zeolite likely play an active role in the formation of 
aromatics, but that the presence of acid sites is required for sufficient yields.  Aside from weak 
silanol groups, zeolite acid sites are attributed to the presence of Al.  Al3+ takes a tetrahedral 
coordination when incorporated in zeolite frameworks. The difference in charge resulting from 
the isomorphous substitution of Si4+ by Al3+ is compensated by bridging hydroxyl group (Si-
(OH)-Al), which constitute the strong Brønsted acid sites in zeolites.[68, 69] Increases in 
strong Brønsted acid site density promote cracking and hydrogen transfer – both beneficial for 
producing high aromatic yields.[50] Conversely, the exact role of the Lewis acid sites is 
unclear. Lewis acidity is typically attributed to Al atoms with a coordination of 5 or 6 instead 
of 4.[69] The formation of octahedrally coordinated Al is thermodynamically favored and 
observed in most Al oxides and hydroxides. For protonic zeolites, Al with higher coordination 
numbers is typically found in extra-framework aluminium species. They can consist of silica-
alumina debris located on the outer surface of the zeolite crystals or result from the 
dehydroxylation of tetrahedral Al.[69] These species could take part in several steps of the 
reaction depending on their location inside or on the outer surface of the crystals. Several 
groups studied the catalytic activity of Al-MCM-41 for the fast pyrolysis of spruce wood,[70] 
lignocel, and miscanthus.[71] In all cases, levoglucosan decreased or was suppressed while 
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concentrations of furanics, hydrocarbons, and polyaromatic hydrocarbons increased 
significantly.[71] The acid properties of the tested catalysts were not characterized. However, 
Corma reported that Al is most often octahedrally coordinated in MCM-41.[72] Therefore, it 
is reasonable to assume that the observed differences in product distributions for uncatalysed 
and MCM-41-catalysed fast pyrolysis are likely due to Lewis acid sites or to the combined 
effect of Brønsted and Lewis acid sites. Although further work is needed, this knowledge base 
on how these materials properties impact reactivity will aid in tailoring zeolites for 
deoxygenation.  
While improvements in aromatic yield are attainable, theoretical yields suggest some 
coke formation is inevitable. This coke will need to be removed through calcination, a simple 
process commonly used in the petrochemical industry to regenerate zeolite catalysts and burn 
off carbon deposits. However, the combustion of coke can increase catalyst temperature above 
that of the furnace and lead to the irreversible dehydroxylation of Brønsted acid sites.[73] 
Interestingly, while much research has been performed on the stability of ZSM-5 above 1000 
°C, the changes that occur at temperatures relevant for catalyst regeneration and catalytic fast 
pyrolysis, between 500 and 800 °C, have not been thoroughly investigated.[74] They are 
typically overlooked due to the relatively high calcination temperature (500-550 °C) required 
during zeolite synthesis and because catalyst deactivation is often dominated by other effects, 
specifically coke deposition and dealumination through steaming. However, structural changes 
may occur, especially between 600 and 800 °C, which are conditions particularly relevant for 
biomass catalytic fast pyrolysis (CFP) and catalyst regeneration through coke combustion.[14, 
75, 76] In addition, aluminum content, sodium impurities, and moisture levels as low as 
ambient humidity have all been shown to drastically decrease the thermal stability of ZSM-5 
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catalysts.[77] Moisture and sodium ions are particularly prevalent in biomass – factors to 
consider in the high temperature processing of this feedstock.[78-80] Therefore, there exists a 
critical need for more in-depth investigations on thermal alterations, which may affect the 
ZSM-5 structure and obscure structure-activity correlations for reactions performed above 550 
°C. 
1.3 Thesis Outline 
Over the years, much effort has been devoted to the development of zeolite catalysts 
for petrochemical refining. While the resulting knowledge base is valuable, the significant 
difference between petroleum and bio-derived feedstocks requires tailoring these catalysts for 
deoxygenation. In an effort to improve bio-oil yields during zeolite catalyzed fast pyrolysis, 
this document presents four studies with a focus on the HZSM-5 structure. The first chapter 
provides background and a literature review of relevant research. The second chapter explores 
mesoporous zeolites for improved diffusion and increased acid site accessibility. The third 
establishes structure-activity correlations for the upgrading of fast pyrolysis vapors. Chapter 
four decouples the roles of external mass transfer and intracrystalline diffusion on coke 
formation. The fifth chapter investigates ZSM-5’s thermal stability and the consequences of 
thermal deactivation on aromatization reactions. These chapters are stand-alone manuscripts 
and are formatted as such. Finally, chapters six and seven provide a general conclusion and 
possible directions for future work.  
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Abstract 
Catalytic fast pyrolysis (CFP) offers a simple and robust route to convert raw 
lignocellulosic biomass to aromatic hydrocarbons. During CFP, cellulose, hemicellulose, and 
lignin are first thermally decomposed to bio-oil vapors that are further converted to aromatics 
in the presence of a ZSM-5 zeolite catalyst. The high temperatures required for CFP also favor 
coke formation, an undesired byproduct, through condensation of the oxygenated 
intermediates on ZSM-5’s outer surface and/or secondary reactions inside its micropores. 
Introducing mesopores through desilication represents a possible strategy to enhance mass 
transport and intracrystalline diffusion, and consequently favor aromatic production over 
undesired coke formation. Here, we study the effect of desilication on the structure, acidity, 
and performance of aluminum-rich ZSM-5. Detailed characterization of the obtained zeolite 
catalysts indicates that mild desilication conditions do not significantly affect the elemental 
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composition, crystallographic structure, microporosity, and distribution of aluminum atoms in 
framework and extraframework sites. However, the number of accessible Brønsted acid sites 
increased by ~50% as a result of the enhanced mesoporosity. Desilication increased the 
aromatic yields obtained for red oak pyrolysis (27.9%) compared to the parent zeolite (23.9%), 
without impacting the liquid product distribution (67.4% selectivity to benzene, toluene, and 
xylene). Our results suggest the catalytic performance could be further improved by enlarging 
the mouth of ink bottle shaped mesopores in order to further enhance mass transport between 
the gas phase and the zeolite’s micropore network. 
2.1 Introduction 
Lignocellulosic biomass emerges as a promising feedstock for supplying the chemical 
industry with renewable molecules that complement and/or replace chemicals from 
petroleum.[1-5] Among the various processes developed to deconstruct and upgrade non-
edible lignocellulosic biomass to commodity and specialty chemicals, catalytic fast pyrolysis 
(CFP) offers a simple and efficient route to transform raw biomass to platform aromatics in a 
single reactor.[6, 7] During CFP, cellulose, hemicellulose, and lignin are first thermally 
deconstructed at high temperature (400-700 °C) to produce oxygenated furanics, phenolics, 
and anhydrosugars which are subsequently converted to desired aromatic hydrocarbons using 
a zeolite catalyst. This catalytic step is sensitive to the zeolite’s crystallographic structure and 
acidity.[8-10] The MFI zeolite structure characteristic of ZSM-5 provides unique selectivity 
toward monocyclic aromatics, in particular benzene, toluene, and xylene (BTX), which are key 
building blocks for the production of polymers (polystyrene, nylon 6,6, polyester terephthalate, 
etc.), resins, gasoline additives, dyestuff, among others. During CFP, the oxygenated 
intermediates obtained from the thermochemical decomposition of lignocellulose diffuse 
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inside the zeolite crystals where acid-catalyzed deoxygenation, cracking, and aromatization 
take place.[8, 10, 11] ZSM-5’s exceptional selectivity to monocylic aromatics can be explained 
by its unique pore size and shape, which prevent the formation of larger aromatic compounds 
due to space constraints. However, while narrow pores are desired to achieve high selectivity, 
they also induce diffusion limitations which negatively impact acid site accessibility and 
catalyst performance. The introduction of mesopores through either top down or bottom up 
synthesis techniques may here be advantageous to further enhance diffusion and achieve higher 
yields.[12, 13] 
Post-synthetic desilication using alkaline solutions represents a simple and scalable 
method to introduce mesopores in zeolites.[12] Aqueous NaOH has been identified as the best 
medium for mesopore formation due to improved stabilization of silicate anions by Na+ 
compared to other cations.[14] This stabilization prevents the polymerization or reinsertion of 
silicate species back into the zeolite framework. Interestingly, tetrahedrally coordinated Al 
display a relative inertness to OH- attack allowing for preservation of Brønsted acidity.[15] 
Additionally, Al species that are extracted during alkaline treatment can be reinserted into 
framework positions.[16] This re-alumination preferentially occurs in or close to the 
mesopores, further improving acid site accessibility.[16]  
Alkaline desilication has been shown to improve transport and increase catalytic 
activity for a variety of petrochemical and biomass processing applications.[17-23] Groen et 
al. reported a two orders of magnitude enhanced rate of diffusion for neopentane in NaOH 
desilicated ZSM-5.[17] Similarly, a 2–3 order of magnitude increase of the diffusion 
coefficient for cumene was achieved.[18] Others demonstrated greatly enhanced micropore 
accessibility for various styrene molecules using optical and fluorescence microscopy.[21] 
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NaOH desilication has also been used to enhance activity, selectivity, and stability for 
methanol to gasoline and methanol to propylene reactions.[22, 23] Various parameters 
including temperature, NaOH concentration, reaction time, zeolite crystal size and aluminum 
content, have been investigated and their effect on catalyst porosity and increase in 
performance has been reviewed.[24] Interestingly, the effect of desilication on catalytic 
activity is not as straight forward for biomass transformations as it is for more conventional 
petrochemical reactions. Several groups studied desilicated ZSM-5 for CFP of cellulose, 
lignin, miscanthus, and beech wood with various success.[19, 25] Li et al. observed an increase 
in aromatic yield from 23.7 to 30.1% for beech wood but no change for cellulose.[19] In 
addition, the observed trends seem to vary with the Si/Al ratio of the studied zeolite.[25] The 
origin of these inconsistencies remain unclear and may arise from undesired alterations of the 
investigated catalysts or differences in reactivity of the cellulosic and lignin fractions of the 
studied biomass. 
The objective of this work is to study the effect of desilication on aluminum-rich ZSM-
5 beyond the expected increase in mesoporosity. Specifically, we selected the commercial 
ZSM-5 with the highest activity for CFP and studied the effect of desilication conditions on its 
crystallographic structure, porosity, acidity, acid site accessibility, and catalytic performance 
for the conversion of cellulose, lignin, and red oak. Our extensive catalyst characterization 
results in an improved understanding of NaOH desilications and presents new considerations 
before implementation of this highly reported technology. 
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2.2 Materials and methods 
2.2.1 Catalyst synthesis 
The parent aluminum-rich ZSM-5 sample (SiO2/Al2O3=23) was supplied by Zeolyst 
International in its ammonium form (Zeolyst CBV2314). The desilicated ZSM-5 samples were 
prepared by combining two grams of zeolite with 50 mL sodium hydroxide solution (NaOH 
pellets, Fischer Scientific, 99.2%) in a 125 mL Nalgene flask. The initial NaOH concentration 
was varied between 0.2 M, 0.5 M, and 1.0 M. The flask was then immerged in a pre-heated oil 
bath at 65 °C for 75 min and the solution was magnetically stirred at 500 RPM. After synthesis, 
the sample was placed in an ice bath for 10 min to quench the reaction. Solutions were 
centrifuged at 5,000 RPM for 30 min to decant the liquid phase and the collected solid was 
repeatedly washed with deionized water until the liquid phase reached pH 9. After the final 
wash, each sample was subjected to a 0.1 M HCl treatment (50 mL) at 65 °C for 4 h to decrease 
the extra-framework aluminum species.[26] The obtained zeolite was then rinsed with 
deionized water until reaching pH 5. Following the rinse, the zeolite was ion exchanged three 
times with 100 mL of a 0.2 M NH4NO3 aqueous solution at room temperature overnight. The 
commercial zeolite was not ion exchanged as it was supplied in its NH4-form. All samples 
were then calcined in air at 550 °C for 10 hours with a 5 °C/min ramp to thermally decompose 
NH4+ and obtain the acidic H-form of the zeolites. 
2.2.2 Characterization 
Nitrogen physisorption 
N2 adsorption-desorption isotherms were measured with a Micromeritics ASAP 2020 
system at 77 K. Prior to analysis, each sample was degassed by raising the temperature from 
25 to 200 °C at 5 °C/min and holding it for 720 min under dynamic vacuum. The Barrett-
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Joyner-Halenda (BJH) analysis with Faas correction of the adsorption branch of the isotherm 
was used to calculate the pore size distribution. The Brunauer-Emmett-Teller (BET) method 
was used to estimate the total surface area and the t-plot method to distinguish between micro- 
and mesopores. 
Quantitative X-ray diffraction 
X-ray diffraction (XRD) measurements were carried out using a Siemens D500 X-ray 
diffractometer equipped with a Cu X-ray tube. Data was collected in the range of 2Θ = 5 – 40° 
using a 0.05° step size and dwell time of 3 s per step. All data was analyzed using Jade software 
(V9.5). Test specimens were prepared by mixing the bulk sample with an internal standard 
(high purity corundum, Alpha Aesar, verified using NIST 674b standards zincite, rutile, and 
cerianite). Each zeolite sample was mixed with 40 wt% internal standard by mass. Analysis 
was performed on 0.20 ± 0.03 g of powder using a zero-background holder (MTI Corporation 
zero diffraction plate, size 20 mm diameter by 1 mm deep) for the commercial, 0.2 M and 0.5 
M NaOH treated samples. A thin film analysis was performed on the 1.0 M NaOH treated 
sample due to the small amount of sample remaining post synthesis. Relative crystallinity was 
calculated by summing the peak maxima of the characteristic reflections at 2Ɵ = ~23.08, 23.88, 
and 24.36°. Intensities are reported relative to the commercial sample which was arbitrarily 
taken as 100%. 
Scanning electron microscopy and energy dispersive X-ray spectroscopy 
Scanning electron microscopy (SEM) images were acquired on a FEI Quanta FEG 250 
instrument equipped with a field emission gun. Energy dispersive X-ray spectroscopy (EDS) 
was performed with an Oxford Instruments Aztec™ spectrometer system equipped with an X-
Max 80 detector. Samples were placed on carbon tape and sputter coated with 2 nm of Ir prior 
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to analysis. SEM images and EDS spectra were acquired with an accelerating voltage of 10 kV 
and 15 kV, respectively. EDS measurements on a commercial sample of known concentration 
were used to verify the calculated silica-to-alumina ratios were accurate. 
Inductively coupled plasma mass spectrometry 
Inductively coupled plasma mass spectrometry (ICP-MS) was performed using a 
Thermo Scientific Element 1 instrument.  The samples were introduced into the ICP-MS by a 
low-flow nebulizer (PFA-100, Elemental Scientific Inc.) and a double-pass spray chamber. 
The mass spectrometer was operated in medium resolution (m/∆m ≈ 4000) and the detector 
was operated in dual mode (switching between counting and analogue measurements). 
Prior to ICP-MS detection, 10-12 mg of solid sample was accurately weighed in an 
acid washed Teflon bottle. A 70% nitric acid solution (1 – 2 g) and 2 – 4 g of hydrochloric acid 
were then added to the Teflon bottle to digest the solid. Deionized water was added for a total 
mass of 125 ± 5 g. Aliquots were diluted to 5 ppm using a blank of 1 % nitric acid, 2 % 
hydrochloric acid, and deionized water. Standard solutions of 2000 ppb, 200 ppb, and 20 ppb 
were also prepared. The 2000 ppb standard was prepared through a dilution of the stock 
solutions with the blank. The stock solution for silicon (SPEX CertiPrep, High-Purity 
Standards) was 1500 ppm, while aluminum (SPEX CertiPrep, High-Purity Standards) was 
1000 ppm. The 200 and 20 ppb were prepared through dilutions with the 2 ppm standard. 
Through analysis, it was determined that the blank solution contained negligible amounts of 
the analytes. 
27Al and 29Si solid state nuclear magnetic resonance spectroscopy 
The solid state nuclear magnetic resonance (SSNMR) measurements were performed 
on a Bruker Avance II spectrometer with a 14.1 T wide-bore magnet using a 4 mm triple 
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resonance magic angle spinning (MAS) probe in double resonance mode. Topspin 3.0 software 
was used for data acquisition and processing. The operating frequencies for 1H, 27Al, and 29Si 
on this spectrometer are 600.13 MHz, 156.38 MHz, and 119.22 MHz, respectively. Prior to 
measurement, the samples were first rehydrated in a humidifier for 48 h at room temperature. 
The hydrated powders (25-28 mg) were then packed into a kel-F rotor insert and the insert was 
placed in a 4 mm MAS rotor. Samples were spun at a frequency of 5 or 12 kHz for Al and 10 
kHz for Si. The slower speed for Al was required when spinning sidebands from the downfield 
peak interfered with the resonance of the upfield peak. The temperature was stabilized at 
298 K. Al spectra were acquired using 90-t-180-t-detect Hahn echo pulse sequence with a 2.5 
µs 90° 27Al pulse and an echo period of one rotor period (200 µs at 5 kHz spinning speed or 
83 µs at 12 kHz spinning), under 1H dipolar decoupling at 62 kHz. Al spectra were typically 
acquired with 2048 scans and a recycle delay of 1.5 s. Si spectra were acquired with a 5 µs 90° 
pulse on 29Si and 100 µs at 10 kHz in the echo sequence, under 1H dipolar decoupling at 62.5 
kHz. Si spectra were acquired with 1800 scans and a recycle delay of 30 s. Calibrations were 
performed for 27Al with reference to 1 M Al(NO3)3 at 0 ppm and 29Si with reference to siloxane 
at -9.6 ppm. 
Brønsted and Lewis acid sites characterization 
Brønsted and Lewis acid sites were probed using NH3 temperature-programmed 
desorption (NH3-TPD) and diffuse reflectance infrared Fourier transform spectroscopy 
analysis (DRIFTS). TPD was performed in a Micromeritics Autochem II 2920. Samples were 
pre-treated at 550 °C (heating ramp: 10 °C/min) in 10 ml/min He for 1 h to desorb any moisture 
from the surface. The zeolites were then cooled to 50 °C and ammonia was adsorbed for 30 
min (20 ml/min of 10 vol% NH3 in He) followed by a flowing He purge for 30 min. NH3 
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desorption was recorded by heating the zeolite to 700 °C using a 10 °C/min ramp in 10 mL/min 
He. Curves were normalized using the sample mass and offset for a zero reading at 650 °C. 
Peak areas were determined using a Gaussian analysis in Origin 9.1. DRIFTS spectra were 
recorded on a Bruker Tensor 27 spectrometer. The zeolite samples were first calcined at 550 
°C for 10 h and then exposed to pyridine vapor at room temperature overnight. Samples were 
diluted to 2 wt% in KBr and ground to 45 µm. Absorbance from 4000 – 1000 cm-1 was 
collected using 32 scans at a 4 cm-1 resolution. Intensities were normalized using framework 
overtones at 2010 cm-1. A background spectrum was recorded with pure KBr. The Brønsted 
and Lewis acid site concentrations were calculated by normalizing powder results to pellet 
spectra reported in literature for the same commercial catalyst.[27] Molar extinction 
coefficients of 1.67 cm µmol-1 for Brønsted sites and 2.22 cm µmol-1 for Lewis sites were then 
applied.[28]  
2.2.3 Catalytic fast pyrolysis of cellulose, lignin, and red oak 
Catalytic fast pyrolysis experiments were performed using a micro-pyrolyzer (PY-
2020iS, Frontier Laboratories, Japan) equipped with an auto-shot sampler (AS-1020E, Frontier 
Laboratories, Japan). The detailed description of the setup can be found in previous studies.[29, 
30] All catalytic fast pyrolysis experiments were performed in-situ. The zeolite catalyst was 
mixed directly with biomass in a catalyst-to-biomass weight ratio of 20. Approximately 5 mg 
of biomass/catalyst mixture were used in a typical experiment. The cups were loaded into the 
micro-pyrolyzer furnace preheated at 550 °C. Helium carrier gas at 100 mL/min was used to 
sweep the pyrolysis vapour into the GC (Varian CP3800, USA). The vapour was separated in 
a GC capillary UA-1701 column. The GC oven was programmed for a 3-minute hold at 40 °C 
followed by heating (10 °C/min) to 250 °C, after which temperature was held constant for 6 
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minutes. The injector temperature was 260 °C and the injector split ratio was set to 100:1. 
Separated pyrolysis vapours were analysed either by a mass spectrometer detector (MSD) or a 
flame ionization detector (FID). The MSD (Saturn 2200, Varian, USA) was used for molecular 
identification. After the peaks were identified, standards were prepared to quantify the results 
using FID. The final product distribution was reported as molar carbon yield, defined as the 
molar ratio of carbon in a specific product to the carbon in the feedstock. Selectivity for 
aromatics in this study was defined as moles of carbon in a specific aromatic hydrocarbon to 
total moles of carbon in the liquid products. 
2.3 Results 
2.3.1 Catalyst characterization 
Structural and textural properties 
Powder XRD patterns were acquired to study any change in zeolite crystallinity that 
may occur as a result of the desilication treatment. The patterns only displayed reflections 
characteristic of the MFI structure (Fig. 1). The 0.2 M and 0.5 M NaOH treated samples 
presented comparable diffraction patterns, with relative crystallinities of 87 and 89 %, 
respectively, compared to the parent commercial ZSM-5. The 1.0 M NaOH treatment revealed 
to be significantly harsher as little catalyst was collected and available for XRD. A thin film 
analysis was therefore performed on this sample, resulting in beam spillover to 2Θ ≈ 15° (Fig. 
1a). The diffractogram was not altered by beam spillover for higher angles and the expected 
framework peaks were observed for the 1.0 M treated sample. However, their intensities 
decreased considerably, giving a relative crystallinity of only 39%. These results suggest the 
bulk MFI structure is relatively stable under alkaline conditions for NaOH concentrations up 
to 0.5 M but undergoes a progressive amorphization under more severe desilication conditions. 
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Because we only observed a slight increase in the amorphous scattering halo, most silicate 
species likely remained in solution as opposed to redeposited on the catalyst surface. The 
absence of deposited species is further supported by previous reports on the role of Na+ cations 
in stabilizing in-solution silicate.[14] Surface deposition and formation of additional phases 
such as α-crystobalite have been observed by XRD by other groups but only for samples treated 
under harsh (5.0 M NaOH) conditions.[15] Therefore, the decrease in relative crystallinity in 
the present study is likely the result of a decrease in bulk Si-O-Si bonds and the increase in 
surface atoms with increasing mesoporosity. Similar patterns and relative crystallinities were 
also obtained for nanosheets and pillared MFI structures where most silicon is externally 
accessible.[31-34] 
These XRD results are important for aromatization reactions, in particular for biomass 
catalytic fast pyrolysis, as strong correlations between crystallinity and aromatic yield have 
been demonstrated.[35] Additionally, the increase in structural defects and amorphous species 
is also problematic for liquid phase reactions: surface silanol groups have a detrimental effect 
on zeolite stability in water [36] and extraframework silica-alumina species are susceptible to 
dissolution under biomass relevant processing conditions.[37] These dissolved species are 
catalytically active and can enhance undesired side reactions, thus leading to losses in 
selectivity and yield.[37] These tradeoffs are problematic for the processing of biomass using 
zeolite-based catalysts.[38] 
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Figure 1. X-ray diffraction patterns of the parent commercial ZSM-5 and mesoporous zeolites 
synthesized by desilication using 0.2 M, 0.5 M, and 1.0 M NaOH aqueous solutions.  
SEM revealed a progressive surface pitting with increased NaOH concentration (Fig. 
2 and S1). The 0.2 M and 0.5 M NaOH treated samples displayed little visible surface 
roughening while the 1.0 M treatment produced highly porous crystals, indicating that more 
alkaline conditions lead to larger mesopores visible by SEM. These results are consistent with 
transmission electron microscopy images reported by other groups.[12, 25] EDS results (Table 
1) showed only a small change in elemental composition for the 0.2 M and 0.5 M NaOH treated 
samples compared to the parent zeolite. Restoration of a SiO2/Al2O3 ratio similar to the parent 
zeolite (or slightly above in the case of the sample synthesized with 0.5 M NaOH) was the 
result of the mild acidic treatment used to remove Al-rich debris.[26] In addition to forming 
during treatment, extraframework Al species were already present in the parent zeolite (based 
on 27Al NMR, vide infra), thus explaining how dealumination could produce a material with a 
higher SiO2/Al2O3 ratio. Conversely, treatment with 1.0 M NaOH resulted in a significant 
decrease from SiO2/Al2O3 = 23.2 to 15.3, demonstrating the preferential attack of the siloxane 
bonds. 
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Table 1. Elemental composition and textural properties of the parent and desilicated ZSM-5 
zeolites.  
 EDS 
SiO2/Al2O3a 
BET 
SAb 
t-Plot µPore 
SAc 
t-Plot Ext. 
SAc 
t-Plot µPore 
Vol.c 
Mesopore 
Vol.d 
-- (m²/g) (m²/g) (m²/g) (cm³/g) (cm³/g) 
Commercial Catalyst 23.2 376 276 100 0.128 0.074 
0.2 M NaOH 23.6 409 277 133 0.128 0.123 
0.5 M NaOH 26.1 397 239 158 0.110 0.222 
1.0 M NaOH 15.3 378 262 116 0.122 0.174 
a SiO2/Al2O3 ratio determined by energy dispersive X-ray spectroscopy analysis. The ratio 
obtained for the commercial zeolite is in good agreement with the manufacturer’s 
specifications. 
b Total surface area determined using the BET method. 
c External (Ext.) and micropore (µPore) surface area and volume calculated using the t-plot 
method. 
d Mesopore volume calculated from the total and microporous volumes determined by N2 
physisorption using the single-point adsorption pore volume (total) and t-plot (micropore) 
methods. 
 
Nitrogen physisorption results obtained for each sample are provided in Table 1 and 
Figure 3. As expected, total surface area and mesopore volume were enhanced upon 
desilication (Table 1). Mesoporosity typically increased at the expense of microporosity, in 
particular for samples synthesized under strong alkaline conditions (0.5 M and 1.0 M NaOH). 
This observation is consistent with previously reported trends.[14, 16, 19] The slight (~10%) 
drop in specific surface area and volume for micropores can be attributed to the presence of 
amorphous Al-rich debris resulting from the NaOH treatment of low Si/Al ZSM-5.[26] This 
change in microporosity seems relatively minor compared to the 100-200 % increase in 
mesoporous volume relative to the parent zeolite. However, the retention of the zeolite’s  
 
28 
 
 
Figure 2. SEM images of (a) the parent zeolite and of the mesoporous ZSM-5 samples 
synthesized with (b) 0.2 M, (c) 0.5 M, and (d) 1.0 M NaOH solutions.  
 
micropore network and corresponding size/shape selectivity were shown to be critical to 
achieve high yields for the aromatization of pyrolysis vapors over ZSM-5.[39] 
All zeolites exhibited a type IV isotherm with some variation in the hysteresis loop 
depending on the NaOH treatment (Fig. 3). The sharp drop in the desorption branch at P/P0 ≈ 
0.45 is characteristic of “ink-bottle” shaped pores. The small size of OH- allows for access to 
internal siloxane groups that, following OH- attack, can form soluble silicate species that 
diffuse out of the zeolite. The presence of “ink-bottle” shaped pores was further confirmed by 
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comparing the pore size distributions calculated from the adsorption and desorption branches 
of the isotherm (Fig. 3 and S2). The distribution calculated from the desorption branch (Fig. 
S2) noticeably shifted to smaller pore diameters compared to the distribution presented in 
Figure 3b, which supports the presence of large pores with narrow pore mouths. The 
corresponding hollowing out of the zeolite crystal is common for structures with Al-rich 
external zones.[40]  
 
Figure 3. N2 adsorption isotherms (left) and pore size distributions (right) for the parent and 
desilicated samples.  
 
27Al and 29Si SSNMR spectra were acquired to get further insights into the atomic-level 
structure of the samples (Fig. 4). 27Al SSNMR revealed peaks characteristic of tetra- (ca. 55 
ppm), penta- (ca. 30 ppm), and hexa-coordinated Al (ca. 0 ppm). The full width at half 
maximum of the tetrahedral Al peak did not change significantly for both the 0.2 M and 0.5 M 
NaOH treated samples compared to the parent zeolite. This observation is consistent with 
previous findings that stated tetrahedrally coordinated Al and nearby Si are stable under 
relatively mild desilication conditions.[14] The quantitative analysis of the NMR spectra 
revealed only minor changes in specific Al concentration, in good agreement with the 
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elemental composition determined by EDS (Table 2). In contrast, the mesoporous ZSM-5 
synthesized under strongly alkaline conditions (1.0 M) suffered a significant drop in tetrahedral 
Al despite presenting the lowest Si/Al ratio. Most Al atoms were found in penta-coordinated 
and octahedral sites (Table 3) as well as in lower symmetry sites, making these Al atoms 
invisible under our measurement conditions due to strong quadrupole interactions.[41] These 
findings differ from previous works which reported a broadening of the tetrahedral peak along 
with the disappearance of the octahedral Al signal.[26] However, the spectra in these works 
were normalized using the intensity of the tetrahedral peak. This approach allows a qualitative 
analysis of peak positions and widths at best. In contrast, the quantitative NMR study 
performed in the present work enabled us to accurately determine the concentration of Al atoms 
in various coordination sites. 
All Si species identified in the 29Si SSNMR spectra (Fig. 4b) were bound to 4 oxygen 
atoms with the most intense peak at ca. -113 ppm being assigned to the siloxane linkages (Si-
O-Si) [42-44]. The broad shoulder from -100 to -110 ppm corresponds to Si bound to one or 
more Al atoms (Si-O-Al).[42-44] The almost perfect overlap of the 29Si NMR spectra obtained 
for the parent zeolite and the samples synthesized with 0.2 and 0.5 M NaOH solutions confirms 
that the abundance of each Si species is relatively unaffected by the desilication treatment. In 
contrast, the harshest treatment resulted in a significant decrease in siloxane linkages along 
with an increase in Si bound to 2 and 3 Al atoms. 29Si peak broadening into this region 
following a 1.0 M NaOH treatment was also observed by Verboekend et al. [26] 
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Figure 4. (a) 27Al and (b) 29Si SSNMR spectra obtained for the commercial ZSM-5 and the 
corresponding mesoporous ZSM-5 synthesized by desilication using 0.2 M, 0.5 M, and 1.0 M 
NaOH solutions. 
 
Table 2. Aluminum content determined by EDS, ICP, quantitative 27Al SSNMR, and NH3-
TPD. 
 EDS ICP NMR 
 SiO2/Al2O3 Al SiO2/Al2O3 Al Tet. Ala Access. Alb  -- µmol/g -- µmol/g µmol/g µmol/g 
Commercial Catalyst 23.2 688 23.5 680 564 431 
0.2 M NaOH 23.6 677 22.6 706 607 464 
0.5 M NaOH 26.1 614 24.2 661 568 435 
1.0 M NaOH 15.3 1022 16.3 963 578 442 
a Based on the integration of the 27Al SSNMR peaks presented in Table 3. 
b Theoretically accessible acid sites calculated assuming 75-78% of the tetrahedrally 
coordinated (framework) Al are strong Brønsted acid sites accessible to ammonia.[45] 
 
 
  
a)  b) 
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Table 3. Relative distribution of observed Al atoms in tetra-, penta-, and hexa-coordinated 
sites determined by integration of the 27Al SSNMR spectra 
 Commercial 0.2 M NaOH 0.5 M NaOH 1.0 M NaOH 
Coordination Areaa Percent Areaa Percent Areaa Percent Areaa Percent 
Al(IV) 54.2 83 51.2 86 55.0 86 25.1 60 
Al(V) 1.3 2 0.3 1 0.0 0 4.8 12 
Al(VI) 10.1 15 8.2 14 8.8 14 11.7 28 
a Integrated areas x10-6 
Acidic properties 
The density, nature, and strength of accessible acid sites were probed by NH3-TPD and 
pyridine-DRIFTS. While it is difficult to distinguish between acid site types by NH3-TPD, it 
has been demonstrated that the high temperature contribution at 366–413 °C can be 
unambiguously attributed to ZSM-5’s strong Brønsted acid sites (BAS) associated to 
framework Al atoms.[45] Comparing the TPD curves obtained for each sample revealed that 
the overall acidity decreased for the mesoporous zeolites relative to the parent ZSM-5 (Fig. 5). 
The preferential extraction of Si and retention of tetrahedral Al would suggest a decrease of 
the weakly acidic silanols and an increase of the strong Brønsted acid sites, as reported in 
previous works.[16, 46] Similarly, the post-desilication acid wash should preferentially 
remove extraframework Al, leading to fewer medium strength acid sites.[26] While a decrease 
in accessible weak and medium strength acid sites was observed (Fig. 5), NH3-TPD also 
revealed an unexpected drop in strong BAS. This drop could be either due to aluminum debris 
blocking pores and the access to strong BAS or to changes in tetrahedrally coordinated Al 
during the alkaline and/or acidic treatments.[47] The latter hypothesis can however be ruled 
out as 27Al SSNMR showed no significant change in framework Al for the 0.2 and 0.5 M 
treated samples, implying blocked pores are likely the cause for reduced acidity for these 
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samples (Table 3). Changes in the number of strong BAS due to dealumination only occur 
under harsher conditions (e.g. 1.0 M NaOH), as revealed by 27Al and 29Si SSNMR.  
 
Figure 5. NH3-TPD of commercial ZSM-5 and NaOH treated samples.   
 
Because NH3-TPD does not discriminate between acid site types, FTIR analysis of the 
pyridinated zeolites was also performed. The adsorption of pyridine on Brønsted acid sites 
produces bands in the region of ca. 1540 cm-1, which correspond to the C-C stretching vibration 
of the pyridinium ions. Pyridine adsorbed on Lewis acid sites produces instead a characteristic 
band at ca. 1450 cm-1. A third peak at ca. 1490 cm-1 is attributed to pyridine interactions with 
both acid site types.[48, 49] After adsorbing pyridine, samples can be subjected to subsequent 
increases in temperature to desorb pyridine and allude to the number of acid sites of varying 
strengths. The measurements performed after desorption at 150 °C revealed significantly more 
pyridine bound to Brønsted acid sites for each of the treated samples (Tables 4 and S1, Figures 
S3-S5). Increases of 49 %, 67 %, and 53 % relative to the parent commercial sample were 
observed for the samples treated in 0.2, 0.5, and 1.0 M of NaOH, respectively. Lewis acidity 
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displayed a different trend, initially dropping by 14 % but subsequently increasing with 
treatment concentration, presenting 39 % more acid sites for the harshest treated sample 
relative to the parent zeolite. The trends identified from these spectra are different than those 
observed for NH3-TPD. The likely explanation for this apparent discrepancy is that at a 
desorption temperature of 150 °C, extraframework AlOH retains pyridine and the FTIR signals 
corresponding to pyridine adsorbed on weak extraframework Al and strong framework Al sites 
are convoluted. [49] However, the average desorption energy for pyridine adsorbed on AlOH 
(~90 kJ mol-1) is relatively low, meaning these species would not be observed in the strongest 
desorption peak of TPD. It should also be noted that discrepancies between TPD and pyridine 
FTIR of NaOH desilicated samples have previously been observed as well.[26] Pyridine being 
a much larger molecule than ammonia, the observed discrepancies could also be due to some 
Brønsted acid sites being not accessible to larger molecules.  
 
Table 4. Acid site densities for NaOH desilicated samples calculated from Fourier transform 
infrared spectra collected for various desorption temperatures.  
 150 °C 250 °C 350 °C 
 Brønsted Lewis Brønsted Brønsted  (µmol g-1) (µmol g-1) (µmol g-1) (µmol g-1) 
Commercial Catalyst 650 28 655 582 
0.2 M NaOH 968 24 917 715 
0.5 M NaOH 1085 36 626 551 
1.0 M NaOH 997 39 1019 887 
 
Spectra collected after pyridine desorption at 250 and 350 °C displayed similar 
Brønsted acid trends but with marked differences compared to those obtained after desorption 
at 150 °C. In particular, the 0.5 M treated sample displayed a 67 % increase in BAS relative to 
the parent sample following a 150 °C desorption but a ca. 5 % decrease for the 250 and 350 °C 
desorption temperatures. Because extraframework AlOH sites are relatively weak BAS, most 
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sites retain pyridine at 150 °C but not at 250 °C. Therefore, the significant increase in observed 
acidity following desorption at the lowest temperature likely corresponds to these 
extraframework species. Conversely, the 0.2 and 1.0 M treated samples displayed increases in 
BAS of 40 and 56 %, respectively, for the 250 °C desorption and 23 and 52 %, respectively, 
for the 350 °C desorption temperature. These increases in Brønsted acidity are likely the result 
of improved pyridine accessibility to strong Brønsted acid sites associated to framework 
aluminum in the mesoporous samples. This interpretation is also consistent with the variations 
in microporosity observed by nitrogen physisorption. Specifically, any small pore constraints 
in the predominantly microporous parent zeolite limit the diffusion of bulky pyridine. Because 
the adsorption is allowed to reach equilibrium, pyridine can access the micropores through 
different channels in the mesporous sample. This explains why microporosity and pyridine 
FTIR follow similar trends. The 0.5 M NaOH desilicated sample exhibited the fewest 
micropores (239 m2/g) while the 0.2 and 1.0 M treatments resulted in comparable 
microporosity (277 and 262 m2/g, respectively). 
2.3.2 Catalytic fast pyrolysis of cellulose, lignin, and red oak 
Catalytic fast pyrolysis tests were performed using a Frontier micropyrolyzer. In 
contrast to pyroprobe systems for which the catalyst/biomass mixture is loaded in a quartz tube 
and placed in a resistively heated coil, here the catalyst/biomass samples were directly dropped 
in the preheated furnace of the micropyrolyzer. As a result, the samples were brought to 
reaction temperature within 500 ms and the average residence time was 9.9 seconds based on 
the experimental procedure reported elsewhere (Fig. S6).[50] The yield obtained for cellulose 
CFP with the control sample was 28.5% (Fig. 6). The 0.2 M NaOH treated sample displayed a 
0.9 % increase in aromatic yield from 28.5 % to 29.4 %. Yields decreased by ca. 3 % for the 
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0.5 M and 1.0 M treated samples to 25.3 and 25.2 %, respectively. Interestingly, the slightly 
higher performance of the 0.2 M NaOH sample compared to the parent zeolite was observed 
despite a preference for ink-bottle shaped mesopores (N2-physisorption) and a decrease in the 
strong Brønsted acid sites (NH3-TPD). It appears that the improved accessibility (BAS 
measured by pyridine-FTIR after desorption at 350 °C) was able to compensate for the 
decrease in the total number of strong BAS (measured by NH3-TPD). It is also interesting to 
note that the highest yield was obtained for the mesoporous sample with the greatest 
microporosity, thus the right balance between meso- and microporosity is critical to achieve 
high yields. These results are consistent with previous works performed by our group and 
others that demonstrated the importance of micropore retention when studying CFP.[25, 35, 
39]  
 
Figure 6. Aromatic yields obtained for the catalytic fast pyrolysis of cellulose over a 
commercial Al-rich ZSM-5 and the corresponding mesoporous ZSM-5 samples synthesized 
by desilication.  
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The more detailed analysis of the condensable reaction products (Table 5) revealed 
only very minor fluctuation in the product distributions. All samples preferentially produced 
monocyclic aromatics with benzene, toluene, and xylene (BTX) representing 67-72 % of the 
detected products. These values are slightly higher than the BTX selectivities obtained for 
desilicated ZSM-5 by other groups, i.e. ~60 % for Li et al. and ~33 % for Gamliel et al.[19, 
25] These differences are likely due to variations in the selected reaction temperatures (600-
650 °C vs. 550 °C) and experimental setup (pyroprobe vs. micropyrolyzer).  
 
Table 5. Aromatic yield and liquid products distribution obtained for the catalytic fast 
pyrolysis of cellulose over commercial and desilicated ZSM-5. 
 
Commercial Zeolite 0.2 M NaOH 0.5 M NaOH 1.0 M NaOH 
Aromatic Yield (% C) 28.5 ± 0.5 29.4 ± 0.9 25.3 ± 0.4 25.2 ± 1.4 
   
Liquid Product Distribution     
Benzene 18.3 ± 0.1 22.0 ± 0.1 22.3 ± 0.1 21.4 ± 0.2 
Toluene 29.5 ± 0.4 30.1 ± 0.2 32.2 ± 0.3 32.4 ± 0.0 
Ethylbenzene 0.9 ± 0.0 0.7 ± 0.0 0.7 ± 0.0 0.8 ± 0.0 
p,m-Xylene 14.5 ± 0.0 12.6 ± 0.2 13.4 ± 0.1 13.8 ± 0.0 
o-Xylene 4.1 ± 0.0 3.4 ± 0.0 4.1 ± 0.1 4.3 ± 0.2 
1,2,3-Trimethylbenzene  2.6 ± 0.0 1.7 ± 0.0 2.2 ± 0.0 3.0 ± 0.1 
Indene 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.3 ± 0.0 
Naphthalene 10.5 ± 0.0 12.7 ± 0.2 10.7 ± 0.1 10.0 ± 0.3 
2-Methylnaphthalene 10.4 ± 0.0 10.6 ± 0.1 8.8 ± 0.1 8.5 ± 0.1 
1-Methylnaphthalene 4.3 ± 0.0 5.0 ± 0.0 4.5 ± 0.1 4.4 ± 0.0 
1,7-Dimethylnaphthalene 1.7 ± 0.0 0.2 ± 0.1 0.1 ± 0.0 0.2 ± 0.0 
2,6-Dimethylnaphthalene 1.9 ± 0.0 0.1 ± 0.0 0.5 ± 0.1 0.4 ± 0.4 
1,8-Dimethylnaphthalene 0.6 ± 0.0 0.5 ± 0.0 0.3 ± 0.0 0.4 ± 0.0 
Anthracene 0.3 ± 0.1 0.2 ± 0.0 0.1 ± 0.0 0.1 ± 0.1 
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Table 6. Aromatic yield and liquid products distribution obtained for the catalytic fast pyrolysis of cellulose, lignin, and red oak over 
commercial and 0.2 M NaOH desilicated ZSM-5. 
 Commercial Zeolite 0.2 M NaOH 
 Cellulose Lignin Red Oak Cellulose Lignin Red Oak 
Aromatic Yield (% C) 28.5 ± 0.5 11.8 ± 0.6 23.9 ± 0.7 29.4 ± 0.9 7.7 ± 0.8 27.9 ± 0.8 
   
Liquid Product Distribution   
Benzene 18.3 ± 0.1 18.2 ± 0.2 14.0 ± 0.1 22.0 ± 0.1 17.0 ± 0.4 14.5 ± 0.1 
Toluene 29.5 ± 0.4 25.0 ± 0.4 26.1 ± 0.0 30.1 ± 0.2 24.3 ± 0.7 26.1 ± 0.1 
Ethylbenzene 0.9 ± 0.0 1.4 ± 0.1 1.3 ± 0.0 0.7 ± 0.0 1.5 ± 0.2 1.3 ± 0.1 
p,m-Xylene 14.5 ± 0.0 18.4 ± 0.3 21.4 ± 0.1 12.6 ± 0.2 17.7 ± 0.4 20.9 ± 0.1 
o-Xylene 4.1 ± 0.0 4.4 ± 0.2 5.9 ± 0.0 3.4 ± 0.0 5.0 ± 0.1 5.9 ± 0.0 
1,2,3-Trimethylbenzene  2.6 ± 0.0 1.7 ± 1.2 3.9 ± 0.0 1.7 ± 0.0 2.7 ± 0.0 3.5 ± 0.1 
Indene 0.2 ± 0.0 0 ± 0.0 1.3 ± 0.1 0.2 ± 0.0 2.0 ± 0.1 1.6 ± 0.1 
Naphthalene 10.5 ± 0.0 15.0 ± 0.4 9.0 ± 0.1 12.7 ± 0.2 13.6 ± 1.1 9.2 ± 0.0 
2-Methylnaphthalene 10.4 ± 0.0 10.6 ± 0.2 9.1 ± 0.2 10.6 ± 0.1 9.4 ± 0.5 8.6 ± 0.1 
1-Methylnaphthalene 4.3 ± 0.0 0 ± 0.0 2.5 ± 0.0 5.0 ± 0.0 1.6 ± 0.1 2.7 ± 0.0 
1,7-Dimethylnaphthalene 1.7 ± 0.0 3.0 ± 0.1 3.2 ± 0.2 0.2 ± 0.1 2.9 ± 0.1 2.8 ± 0.0 
2,6-Dimethylnaphthalene 1.9 ± 0.0 0.1 ± 0.0 0.9 ± 0.0 0.1 ± 0.0 0.5 ± 0.0 1.1 ± 0.0 
1,8-Dimethylnaphthalene 0.6 ± 0.0 0 ± 0.0 0.2 ± 0.2 0.5 ± 0.0 0.4 ± 0.0 0.4 ± 0.0 
Anthracene 0.3 ± 0.1 1.2 ± 0.0 1.2 ± 0.0 0.2 ± 0.0 1.3 ± 0.1 1.4 ± 0.0 
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When considering pyrolysis, lignin and raw biomass deconstruct into larger fractions 
than cellulose. Many of these species are too large to fit into the zeolite pores and, therefore, 
the addition of mesopores in the catalyst is expected to critically enhance its activity. To test 
this, lignin and red oak were pyrolyzed in presence of the parent ZSM-5 and of the most 
promising mesoporous sample (0.2 M NaOH). Surprisingly, a decrease in aromatic yield from 
11.8 to 7.7 % was observed for the pyrolysis of lignin over the mesoporous catalyst compared 
the parent zeolite (Table 6). Conversely, an increase of 4.0 % (23.9 to 27.9 %) was achieved 
for the red oak feedstock. Interestingly, both zeolites produced very similar selectivities (± 2%) 
for both biomass starting materials. Increases in aromatic yield from 23.7 ± 0.5 to 30.1 ± 0.6 
for the CFP of beech wood and 9.89 ± 0.23 to 13.2 ± 0.1 for the CFP of lignin were observed 
in other work.[19] The discrepancy between lignin in our and earlier works could be a result 
of the method by which lignin was separated from the raw material.  
2.4 Discussion 
The fast pyrolysis of biomass offers a sustainable alternative to petroleum for the 
production of chemicals and fuels. However, this process produces a highly oxygenated bio-
oil containing over 300 different compounds.[51] The selectivity of fast pyrolysis can be 
greatly enhanced through the use of a catalyst, in particular with ZSM-5 zeolite which gives 
the highest selectivity toward monocyclic platform aromatics essential to the chemical 
industry.[8] Despite this high selectivity, a significant fraction of the freedstock’s renewable 
carbon is lost to coke and char, two undesired byproducts. Coke formation has been attributed 
to the polymerization of small oxygenates on the external surface of the zeolite and to the 
formation of polyaromatic hydrocarbons through condensation reactions inside the 
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micropores. Studies performed with furanic model compounds revealed that upwards of 30 % 
of the carbon is lost through polymerization in the gas phase and on the catalyst’s outer surface 
during CFP.[52] Better diffusion of these species and improved access to underutilized bulk 
acid sites could minimize coke formation and improve selectivity toward desired products. 
This hypothesis prompted us and others to investigate the performance of mesoporous ZSM-5 
synthesized by desilication. 
The introduction of mesopores through desilication presents a significant opportunity 
to improve the performance of a catalyst that can be heavily underutilized due to diffusional 
limitations.[12, 18, 20, 22, 23] In zeolites, pore diffusion generally occurs by the 
configurational or restricted diffusion mechanism.[53] Configurational diffusion is a 
mechanism intermediate of surface and solid-bulk diffusion where the molecules diffuse as a 
single file along the pore surface.[54] As the pore size expands to that of a mesopore (2 nm < 
pore diameter < 50 nm) or macropore (pore diameter > 50 nm), diffusivity is best described by 
the Knudsen diffusion mechanism. In this regimen, the mean free path of travel for a molecule 
is on the order of that of the pore diameter and diffusion relies on wall collisions to direct 
molecular flow.[54] Diffusion coefficients for Knudsen transport are orders of magnitude 
faster than those observed for the configurational mechanism. The transition from 
configurational to Knudsen diffusion and the resulting increase in the rate of diffusion is 
expected to enhance the catalytic activity of zeolites for a wide range of reactions. In addition 
to pore transport, an external film layer around the particle can introduce mass transfer 
limitations. These surface barriers can account for upwards of 60% of overall mass transfer 
limitations in zeolites.[55] Improved transport from the surface to the crystalline bulk could 
minimize the condensation of reactants and/or products at the surface, increasing desired 
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product formation at the expense of coke. Desilication offers a simple approach to enhance 
both intracrystalline diffusion and external mass transport, and thus significantly improve 
active site accessibility. This method has already proven to be very effective for ZSM-5 with 
SiO2/Al2O3 ratios of 50 or above. However, its effectiveness varies with the aluminum content 
of the zeolite. Aluminum-rich ZSM-5 (SiO2/Al2O3 ≈ 23) is more resistant to alkaline attack 
and the impact of the treatment on the zeolite’s structure and acidity has not been thoroughly 
characterized.[24, 26] In addition, we have previously demonstrated that structural or chemical 
alterations can have particularly severe consequences on the ZSM-5’s performance for CFP, 
causing drops in aromatic yield on the order of 50 %.[35] These losses in catalytic performance 
compared to commercial zeolites were particularly severe for mesoporous ZSM-5 synthesized 
using a bottom-up strategy. Therefore, the objective of the present study was to gain further 
insights into the true origin of the enhancements in catalytic activity reported for NaOH-treated 
samples in order to guide further catalyst developments. 
Previous work has demonstrated that desilication is most effective in the 0.2 – 0.5 M 
range.[26] Moderate concentrations result in a desirable balance between micro- and 
mesoporosity. Conversely, high concentrations (≥ 1.0 M NaOH) significantly alter the MFI 
structure. The excess OH- will desilicate to the point of silicate saturation.  These species will 
then readily react with the zeolite surface to form amorphous or α-crystobalite solid phases.[15] 
Deposited solids can block pores and represent an undesirable weight fraction of the material. 
The drastically modified zeolite can allude to treatment limitations and clarify observed 
structure-activity correlations. Therefore, treatment concentrations of 0.2, 0.5, and 1.0 M 
NaOH were chosen for this study. 
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N2 physisorption analysis of the samples synthesized in the present investigation 
confirm the formation of mesopores in the desilicated samples. The 100-200 % increase in 
mesoporous volume while the total and micropore surface areas remained almost constant 
(Table 1) suggests the formation of large mesopores and/or mesovoids. This is further 
confirmed by the change in the pore size distribution (Fig. 3b), which reveals the presence of 
7-50 nm pores in the desilicated samples. However, the shape of the isotherms (Fig. 3a) and 
the differences in the distributions calculated from the adsorption and desorption branches of 
the isotherm (Fig. 3b and S2) suggest the prevalence of “ink bottle” shaped pores in desilicated 
Al-rich ZSM-5 zeolites. While these pores can still increase bulk utilization through enhanced 
intracrystalline diffusion, higher catalytic activity would be expected for externally accessible 
mesopores.[12] Specifically, the narrow pore mouths may hinder the access and catalytic 
conversion of bulky reactants inside the ZSM-5 crystals.[12] “Ink bottle” shaped pores have 
not been reported for desilicated zeolites with higher Si/Al ratios. However, high framework 
Al content, along with high strong Brønsted acid site density, were shown to be critical to 
achieve the best CFP performance. Therefore, it appears that there will be a trade-off between 
mesoporosity and catalytic performance in the case of Al-rich ZSM-5 for application in 
biomass CFP. 
Further analysis of the zeolite samples by SEM, EDS, XRD, and SSNMR (Fig. 1-2, 4, 
S1; Tables 1-3) revealed that the overall crystal morphology, crystallographic structure, 
elemental composition, and distribution of Al atoms in tetra-, penta-, and hexa-coordinated 
sites are preserved when mild desilication conditions are employed ([NaOH] ≤ 0.5 M). The 
similarities between parent ZSM-5 and samples desilicated using 0.2 and 0.5 M NaOH 
solutions allows for an easy and fair comparison of the catalytic activities of these zeolites. 
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Cellulose CFP revealed only minor improvements for the 0.2 M NaOH sample and a small 
decrease in aromatic yield for the 0.5 M NaOH sample compared to the parent ZSM-5. 
Conversely, the mesoporous volumes measured by N2 physisorption were of, respectively, 
0.123 and 0.222 cm3/g for the zeolties desilicated with 0.2 and 0.5 M NaOH solutions. 
Therefore, the differences in catalytic performance cannot be explained by improved diffusion 
and/or mass transport. Instead, the catalytic data is consistent with the number of accessible 
strong BAS measured by pyridine-FTIR after desorption at 350 °C (Table 4).  
Further efforts to characterize the acidic properties of the desilicated Al-rich ZSM-5 
samples revealed apparent discrepancies between the various techniques used in this study. 
However, the careful analysis of these results provided new insights into the CFP reaction and 
the key parameters that govern ZSM-5 performance. Specifically, comparison of the Al content 
calculated from EDS and 27Al SSNMR spectra showed that the SiO2/Al2O3 ratio does not 
accurately reflect the number of tetrahedral Al atoms in the zeolite framework. Differences are 
particularly obvious for the ZSM-5 desilicated with the 1.0 M NaOH solution (Table 2). The 
concentration of tetrahedral Al (determined by SSNMR) is always smaller than the amount of 
Al measured by elemental analysis due to the presence of NMR-invisible extraframework Al 
and of NMR-visible higher coordinated Al (Table 2). This indicates that the number of strong 
Brønsted acid sites associated with a tetrahedral Al coordination is always lower than the 
theoretical number of BAS calculated from the elemental composition. In addition, Bates et al. 
demonstrated that out of the BAS density calculated from SSNMR, only 73-78 % of the sites 
are, in general, accessible to NH3 due to pore blocking by Si and Al debris.[45] Our own NH3-
TPD measurements (Fig. 5) compared to the theoretical number of sites that should be 
accessible based on SSNMR results (Table 2) suggest significant pore blocking after the 
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desilication treatment. This is particularly obvious when comparing the TPD curves for the 
parent, 0.2 M, and 1.0 M NaOH treated samples considering that the parent zeolite has the 
lowest number of theoretically accessible sites (based on SSNMR) of this series (Table 2). 
Interestingly, the number of accessible BAS determined by pyridine-FTIR after desorption at 
350 °C follows an opposite trend. For example, the number of pyridine accessible sites 
increased by 23% for the 0.2 M NaOH zeolite compared to the parent ZSM-5 while, at the 
same time, NH3-TPD curves showed a marked decrease in strong Brønsted acid sites (Fig. 5). 
This comparison, together with the catalytic results for cellulose and red oak CFP, reveals that 
titrating the acid sites with small probe molecules is not an accurate method to predict catalytic 
performance. Instead, pyridine more accurately mimics the size and shape of the oxygenated 
intermediates formed during the thermal decomposition of biomass, thus the accessibility of 
these reactants to the zeolite’s active sites. Finally, it should also be noted that the number of 
pyridine-accessible sites, the catalytic activity, and the mesoporous volume (Table 1) do not 
follow the same trend. Therefore, increases in catalytic activity cannot be solely explained in 
terms of mesoporosity. These results suggest improving the transport of bulkier molecules 
produced from these feedstocks is beneficial but represents only one parameter of many 
involved in this complex reaction.  
2.5 Conclusions 
Mesoporous zeolites were synthesized through a NaOH desilication method and fully 
characterized. We observed significant increases in mesoporosity but at the expense of other 
parameters that have been identified as instrumental for various reactions. The synthesized 
catalysts were then tested for the catalytic fast pyrolysis of cellulose, lignin, and red oak. While 
improvements for the CFP of cellulose is almost within error, it is advantageous to process raw 
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biomass, e.g. red oak, over desilicated ZSM-5. At this time it remains unclear if the enhanced 
catalytic activity of desilicated zeolites can be attributed to improved diffusion and/or mass 
transport of reaction intermediates. Specifically, improvements in catalytic activity cannot be 
solely explained based on changes in mesoporosity. Our results reveal that to have a significant 
impact, the alkaline treatment must increase the mesoporosity and also improve the 
accessibility to strong Brønsted acid sites for bulky reactants, which is beneficial to their 
deoxygenation and conversion to aromatic hydrocarbons.  
Through our work and a review of literature, we have also demonstrated that the extent 
to which these desilicated zeolites are beneficial in CFP depends on retention of microporosity 
and accessibility of mesopores, hence to the optimal balance between micro- and 
mesoporosity.[12, 25, 39] With the cause for limitations identified, catalysts and catalyst 
synthesis methods can be further designed to minimize the detrimental effects of alkaline 
desilication. 
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2.8 Supplementary Information 
 
 
Figure S1. Additional SEM images of (a) the parent zeolite and of the mesoporous ZSM-5 
samples synthesized with (b) 0.2 M, (c) 0.5 M, and (d) 1.0 M NaOH solutions. 
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Figure S2. Pore size distributions for the parent and desilicated samples calculated from the 
desorption branch of the N2 isotherm. 
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Figure S3. FTIR spectra of pyridinated commercial and NaOH desilicated ZSM-5 following 
desorption at 150 °C.  
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Figure S4. FTIR spectra of pyridinated commercial and NaOH desilicated ZSM-5 following 
desorption at 250 °C.  
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Figure S5. FTIR spectra of pyridinated commercial and NaOH desilicated ZSM-5 following 
desorption at 350 °C.  
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Figure S6. FID response corresponding to the volatiles leaving the reactor during catalytic fast 
pyrolysis at 550 °C. Duplicate tests were performed with 0.25 mg (small) and 5.25 mg (large) 
of cellulose/catalyst mixture. For each test, the signal was normalized to its maximum value. 
The average residence times were found to be 8.5 s for the 0.25 mg samples and 9.9 s for the 
5.25 mg samples using the following equation (based on Levenspiel, O., Chemical Reaction 
Engineering, 3rd ed., Wiley, 2007): 
ݐ௔௩௘௥௔௚௘ ൌ ∑ ݐ௜ܥ௜∆ݐ௜∑ ܥ௜∆ݐ௜  
where: 
ti is the time when data point i was recorded 
Ci is the FID signal at time ti, representative of the concentration of volatiles in the gas stream 
leaving the reactor 
Δti is the time interval between the data point i and its predecessor  
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Table S1. FTIR spectra peak areas of pyridinated commercial and NaOH desilicated ZSM-5 
following desorption at varying temperatures.  
 150 °C 250 °C 350 °C 
 Brønsted Lewis Brønsted Brønsted 
 (abs. cm-1) (abs. cm-1) (abs. cm-1) (abs. cm-1) 
Commercial Catalyst 0.65 0.08 0.65 0.58 
0.2 M NaOH 0.96 0.07 0.91 0.71 
0.5 M NaOH 1.08 0.10 0.62 0.55 
1.0 M NaOH 0.99 0.11 1.01 0.88 
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Abstract 
The production of aromatic hydrocarbons from cellulose by zeolite-catalyzed fast 
pyrolysis involves a complex reaction network sensitive to the zeolite structure, crystallinity, 
elemental composition, porosity, and acidity. The interplay of these parameters under reaction 
conditions represents a major roadblock that has hampered significant improvement in catalyst 
design for over a decade. Here, we studied commercial and laboratory synthesized ZSM-5 
zeolites and combined data from ten complementary characterization techniques in an attempt 
to identify parameters common to high-performance catalysts. Crystallinity and framework 
aluminum sites accessibility were found to be critical to achieve high aromatic yields. These 
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findings enabled us to synthesize a ZSM-5 catalyst with enhanced activity, offering the highest 
aromatic hydrocarbon yield reported to date. 
3.1 Introduction 
The fast pyrolysis of lignocellulosic biomass represents a simple, cheap, and efficient 
approach to produce bio-based fuels and chemicals from renewable feedstocks.[1-4] In this 
process, solid biomass is heated to high temperature (500 – 700 °C) to be thermochemically 
converted to light gases (CO, CO2), solid char, and organic vapors, which can be further 
condensed to obtain the desired liquid bio-oil.[5, 6] The ratio between the gas, liquid, and solid 
fractions is particularly sensitive to the heating rate. Fast heating rates on the order of 1000 
°C/s are required to achieve bio-oil yields of 60 – 70%.[7-10] The main byproducts are CO, 
CO2, and H2O, which result from decarbonylation, decarboxylation, and dehydration. These 
deoxygenation reactions are desired as they increase the energy density of the liquid fraction, 
thus its potential as a biofuel.[11-14] Fast pyrolysis is also attractive because this versatile 
technology can accommodate a wide range of feedstocks including wood, switchgrass, and 
agricultural waste (e.g. corn stover). However, bio-oil is a complex mixture of more than 300 
oxygenated compounds, namely anhydrosugars, organic acids, aldehydes, ketones, furanics, 
and phenolics.[15] Its high oxygen content and chemical complexity makes it unsuitable for 
direct use as a biofuel. Additional processes that involve one or several heterogeneous catalysts 
are required to decrease the oxygen concentration from ~45% to less than 7% and achieve 
stable blends with petroleum that allow refining.[16] Various catalytic deoxygenation 
processes have been investigated and reviewed recently.[17-19] Integrated approaches where 
the catalyst is directly mixed with the biomass are appealing as pyrolysis and deoxygenation 
occur simultaneously in the same reactor. Notably, catalytic fast pyrolysis (CFP) using ZSM-
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5 zeolite as a catalyst produces in a single step benzene, toluene, xylene, and naphthalene, 
which can be used as building blocks by the petrochemical industry or further converted to 
gasoline-range hydrocarbons using hydrogenation processes already employed in refining.[20-
23] 
The isomorphous substitution of silicon with aluminum atoms in zeolites’ well-defined 
crystal structure generates strong Brønsted acid sites, which can catalyze a broad range of 
cracking, isomerization, and alkylation reactions. The performance of a zeolite for a given 
reaction depends on its acid site density, pore size, and crystallographic structure (pore network 
dimensionality, presence of large cages).[24-27] ZSM-5 is particularly desirable for reactions 
involving small aromatics as its narrow pore size matches the dynamic diameter of benzene. 
Consequently, only molecules with similar size and shape can diffuse in or out of the crystal, 
making it an excellent catalyst for the production of benzene, toluene, para-xylene, and 
naphthalene.[23] 
ZSM-5-catalyzed fast pyrolysis of cellulose to aromatics has been investigated by 
numerous groups.[5, 6, 23, 25, 28-32] Despite many efforts, commercial ZSM-5 samples from 
Zeolyst International offer amongst the highest reported yields of aromatic hydrocarbons to 
date and, therefore, these catalysts were employed in most of the recently published 
studies.[33-35] The reason for this better performance has not been identified yet and the lack 
of structure-activity correlations currently constitutes a major barrier for the rational design of 
ZSM-5 catalysts for CFP. 
Several works attempted to further improve aromatics yield by enhancing diffusion and 
by passivating the ZSM-5’s outer surface, two approaches commonly used in 
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petrochemistry.[23, 28, 30, 32, 36, 37] Zheng et al. hypothesized that the slow diffusion of 
reactants and products in the ZSM-5 micropores represents the main limiting factor to achieve 
a high performance.[32] Therefore, this team proposed to shorten the diffusion path by 
decreasing the size of the ZSM-5 crystals. The authors compared 2 µm, 200 nm, and 50 nm 
crystals. Unfortunately, the results were ambiguous as the 200 nm crystals showed the highest 
aromatic yield but the 50 nm ZSM-5 gave the highest yield of desired benzene, toluene, and 
xylene (BTX) products. Additionally, reaction residence times were 50 s, thus diminishing any 
benefits from improved diffusion. Modest improvements in overall aromatic yield were also 
observed after introducing mesopores in the zeolite crystals by desilication.[37] Finally, 
passivation of the zeolite outer surface by silylation and dealumination was attempted in order 
to decrease the undesired conversion of pyrolysis vapors to coke on extra-framework 
aluminum sites.[28] However, these post-synthetic modifications did not significantly impact 
the catalytic performance either.  
Here, we synthesized and fully characterized series of ZSM-5 catalysts with different 
elemental composition, crystal size, porosity, and acidity in an effort to identify structure-
property-activity relationships. Through the investigation of these samples and comparison 
with commercial ZSM-5 from Zeolyst and Clariant, we show that crystallinity and extra-
framework aluminum, parameters neglected in previous studies, play a key role in catalyst 
performance. These findings prompted us to investigate alternative synthesis methods. A 
remarkable ZSM-5 catalyst that offered the highest aromatic hydrocarbon yield to date was 
obtained. 
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3.2 Materials and methods 
3.2.1 Catalyst Synthesis 
Reference ZSM-5 samples in their ammonium form were purchased from Zeolyst 
International and used here for comparison: CBV2314, CBV3024E, CBV5524G, and 
CBV8014 with SiO2/Al2O3 = 23, 30, 50, and 80, respectively. The samples were calcined in 
air at 550 °C for 10 h (ramp: 5 °C/min) before characterization and catalytic testing. ZSM-5 
nanocrystals with controlled particle size and mesoporosity were synthesized using the 
procedure previously published by Petushkov et al.[38] In short, a clear gel with the following 
molar composition was prepared: 25 TEOS : 1 NaAlO2 : 5 TPAOH : 4 TPABr : 1000 H2O, 
where TPAOH = tetra-n-propylammonium hydroxide (Alfa Aesar, 40%), TPABr = tetra-n-
propylammonium bromide (Sigma-Aldrich, 98%), and TEOS = tetraethyl orthosilicate 
(Aldrich, 98%). One third of the water, TPAOH, and sodium aluminate (Strem Chemicals, 
99.9%) were mixed together and stirred at 500 RPM for 5 min to ensure the complete 
dissolution of the aluminate. The remaining water and TPABr were then added and the mixture 
was stirred for an additional 5 min at 500 RPM. Finally, TEOS was mixed into the solution 
and stirred overnight at room temperature in a closed polypropylene flask. The resulting clear 
gel was loaded into a Teflon lined Paar stainless steel autoclave (Parr 4744) and placed in the 
middle of a pre-heated mechanical convection oven (ThermoScientific Heratherm OMS100) 
for 24 h. The synthesis temperature was varied from 130 to 190 °C. Following synthesis, 
zeolite crystals were collected by centrifugation (5,000 RPM, 30 min) and washed twice with 
DI water and once with ethanol. After the final washing, the slurry was dried at 70 °C 
overnight. The sample was then calcined at 550 °C for 10 h (ramp: 5 °C/min) to decompose 
the TPA structure directing agent. Finally, the acid form of the ZSM-5 was obtained after 3 
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successive ion exchanges with a 0.5 M NH4NO3 (Fisher Scientific, ACS) solution at 70 °C, 
drying at 70 °C for overnight, and calcination at 550 °C for 10 h. The optimized zeolite was 
synthesized according to the following procedure adapted from Kleinwort.[39] Seeding gel 
was prepared by adding 0.69 g Sodium Hydroxide and 5.85 g 20 wt% TPAOH to 35.51 g DI 
water and stirring at 500 rpm for 5 minutes. Silicic acid (7.945 g) was slowly added under 
stirring and the solution further stirred for one hour at 500 rpm. The seeding gel was then aged 
at 100 °C for 16 hours. Synthesis gel was prepared by mixing 86.78 g DI water, 0.88 g sodium 
hydroxide, and 1.03 g Sodium Aluminate. The solution was stirred at 500 rpm for 5 min. Silicic 
acid (11.31 g) was slowly added under stirring and the mixture was stirred for one hour at 500 
rpm. Seeding gel (5 g) was added to the synthesis solution and stirred for one hour at 500 rpm. 
The final synthesis gel was placed in stainless steel Teflon-lined autoclaves and crystallisation 
occurred at 180 °C for 40 hours. Following synthesis, samples were separated by centrifugation 
(5000 rpm for 15 minutes) and washed twice with DI water and once with ethanol. The zeolite 
was then dried at 105 °C for 24 hours. Calcination and ion exchange procedures were followed 
according to those used for the nanocrystalline samples.  
3.2.2 Catalyst Characterization 
Powder X-ray diffraction patterns were collected on a Siemens D 500 diffractometer 
using Cu Kα radiation, a diffracted-beam monochromator (graphite), and a scintillation 
detector. Data were recorded in the 2θ range 5 – 50° using a step size of 0.05° and a dwell time 
of 3 s per step. The instrument broadening of the diffraction system was determined using the 
NIST LaB6 standard. All data was analysed using Jade software version 9.5. Test specimens 
were prepared by mixing the bulk sample with an internal standard (high purity corundum, 
Alpha Aesar, verified using NIST 674b standards zincite, rutile and cerianite). The mixture 
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consisted of 0.150 g of sample and 0.100 g of corundum. All measurements were made using 
an analytical balance and recorded to the nearest 0.1 mg. Then the components were mixed in 
an agate mortar-and-pestle. After mixing, the material was removed from the mortar, quickly 
recombined, and then placed back into the mortar-and-pestle for a second mixing cycle. This 
produced a homogeneous powder that contained 40% internal standard by mass. Specimens 
for XRD analysis were prepared by placing 0.20 ± 0.03 g of powder into the cavity of a zero-
background holder (MTI Corporation zero diffraction plate, size 20 mm diameter by 1 mm 
deep). The powder was compacted into the cavity using a glass slide. Relative crystallinity was 
calculated by summing the peak maximums for each sample at the characteristic peaks 2Ɵ = 
~23.08, 23.88, and 24.36o. Intensities are reported relative to the commercial sample 
(CBV2314) which was taken as 100%.  
 N2 adsorption/desorption isotherms and N2 uptake were measured with a Micromeritics 
ASAP 2020 system at 77 K. Zeolite powder (50 – 60 mg) was degassed at 200 °C (heating 
ramp: 5 °C/min) for 12 h under vacuum. The specific surface area was calculated using the 
Brunauer-Emmett-Teller (BET) method. The Barret-Joyner-Halenda (BJH) model with Faas 
correction was applied to the adsorption branch of the isotherm to calculate the pore size 
distribution. The t-plot method was used to discriminate between micro- and mesoporosity. N2 
rate of adsorption experiments were performed by dosing 5 cm3/g of N2 to a sample under 
vacuum (10 µmHg).  
 Scanning electron microscopy (SEM) images were acquired with a FEI Quanta 250 
FEG operated at 10 kV. The samples were coated with 2 nm of iridium for conductivity. X-
ray analysis was done with an Oxford Instruments Aztec™ energy-dispersive spectrometer 
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(EDS) system equipped with an X-Max 80 detector. EDS spectra were typically recorded at 
15 kV, corresponding to a beam penetration depth of about 2 μm.  
 For HRTEM and SAED, the samples were dry-dispersed on a holey carbon grid. 
Images and diffraction patterns were acquired on an FEI Titan 80-300 equipped with an 
aberration corrector on the objective lens. The microscope was operated at an acceleration 
voltage of 300kV. In order to minimize the effect of the electron beam, a low current density 
was used. 
 NH3 temperature-programmed desorption (NH3-TPD) was performed with a 
Micromeritics Autochem II 2920. Zeolite powder (50 mg) was pre-treated at 600 °C (heating 
ramp: 10 °C/min) in 10 ml/min He for 3 h to desorb any moisture from the surface. The sample 
was then cooled to 50 °C and ammonia was adsorbed for 30 min (20 ml/min of 10 vol% NH3 
in He). The sample was then purged at 100 °C under flowing He for 90 min. NH3 desorption 
was recorded by heating the zeolite from 100 to 700 °C using a 10 °C/min ramp. Curves were 
normalized using the sample mass. Peak areas were determined using a Gauss analysis in 
OriginPro 9.1 software. 
 Characterization by Fourier transform infrared spectroscopy (FTIR) was performed on 
a Bruker Vertex 80 spectrometer with a Harrick Praying Mantis diffuse reflection (DRIFTS) 
attachment. Samples were first pyridinated or adsorbed with 2,6-di-tert-butylpyridine 
(DTBPy) for 48 h. Desorption occurred at 150 °C over 4 hours for pyridine and 1 h for DTBPy 
to remove any physisorbed species. A 2% pyridinated zeolite / KBr mixture was made, mixed 
and ground by mortar and pestle, and sieved with a 45 µm sieve. DTBPy samples were ground 
by mortar and pestle and sieved with a 45 µm sieve. The samples were then analyzed using 
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OPUS 7.0 software. Absorbance from 4000 – 1000 cm-1 was collected using 32 scans at a 4 
cm-1 resolution for pyridine and 128 scans at 2 cm-1 resolution for DTBPy. 
 The solid state nuclear magnetic resonance (SSNMR) measurements were performed 
on a Bruker Avance II spectrometer with a 14.1 T wide-bore magnet using a 4 mm triple 
resonance magic angle spinning (MAS) probe in double resonance mode. Topspin 3.0 software 
was used for data acquisition and processing. The operating frequencies for 1H and 27Al on this 
spectrometer are 600.13MHz and 156.38 MHz, respectively. The samples were first re-
hydrated in a humidifier for 48 h at ambient temperature. The powders were then packed into 
a kel-F rotor insert and the insert was placed in a 4 mm MAS rotor. Samples were spun at a 
frequency of 5 or 12 Khz, with the slower speed required for some samples when spinning 
sidebands from the downfield peak interfered with the resonance of the upfield peak. The 
temperature was stabilized at 298K. Spectra were acquired using a 90-t-180–t–detect Hahn 
echo pulse sequence with a 2.5 µs 90° 27Al pulse and an echo period of one rotor period (200 
µs at 5 kHz spinning speed or 83 µs  at 12 kHz spinning), under 1H dipolar decoupling at 62 
kHz. Spectra were typically acquired with 2048 scans and a recycle delay of 1.5 s. 
3.2.3 Catalyst Testing 
Catalytic pyrolysis experiments were conducted in a micro-pyrolyzer (PY-2020iS, 
Frontier Laboratories, Japan) equipped with an auto-shot sampler (AS-1020E, Frontier 
Laboratories, Japan). The detailed description of the setup can be found in previous studies.[6, 
40] All catalytic fast pyrolysis experiments were performed in-situ. The zeolite catalyst was 
mixed directly with biomass in a catalyst-to-biomass weight ratio of 20. Approximately 5 mg 
of biomass/catalyst mixture were used in a typical experiment. Helium carrier gas was used to 
sweep the pyrolysis vapour into the GC (Varian CP3800, USA). The vapour was separated in 
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a GC capillary UA-1701 column. The GC oven was programmed for a 3-minute hold at 40 °C 
followed by heating (10 °C/min) to 250 °C, after which temperature was held constant for 6 
minutes. The injector temperature was 260 °C and the injector split ratio was set to 100:1. 
Separated pyrolysis vapours were analysed either by a mass spectrometer detector (MSD) or a 
flame ionization detector (FID). The MSD (Saturn 2200, Varian, USA) was used for molecular 
identification. After the peaks were identified, standards were prepared to quantify the results 
using FID. The final product distribution was reported as molar carbon yield, defined as the 
molar ratio of carbon in a specific product to the carbon in the feedstock. Selectivity for 
aromatics in this study was defined as moles of carbon in a specific aromatic hydrocarbon to 
total moles of carbon in the aromatic products. 
3.3 Results and Discussion 
ZSM-5 with controlled particle size and mesoporosity was synthesized using a 
procedure developed by Petushkov et al.[38] This method produces ZSM-5 nanocrystals 
(primary particles) of 5.5 – 40 nm that self-organize into mesoporous aggregates (secondary 
particles) of approximately 200 nm. Mesopore surface area and volume can be tailored for 
these samples by varying the hydrothermal treatment temperature between 130 and 190 °C 
while keeping the gel composition constant.[38] The obtained zeolites were fully characterized 
in order to establish clear relationships between catalytic activity and catalyst properties, 
specifically crystallinity, elemental composition, porosity, and acidity. 
3.3.1 Catalyst Characterization 
SEM images (Fig. 1) revealed that the ZSM-5 samples synthesized at 130 – 190 °C 
were homogeneous and composed of nanocrystals organized in 200 – 600 nm aggregates, in 
good agreement with Petushkov et al.[38] The elemental composition of each sample was 
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determined by X-ray energy dispersive spectroscopy (EDS) using an accelerating voltage of 
15 kV. These conditions afforded a spatial resolution (analysis depth) of approximately 2 µm 
sufficient to obtain bulk chemical compositions for nanocrystalline samples. Measurements on 
commercial ZSM-5 of known chemical compositions confirmed that the SAR calculated from 
EDS analysis were accurate. The SAR values obtained for the laboratory synthesized 
nanocrystalline ZSM-5 samples ranged between 49 and 53 (Table 1). The only deviation was 
observed for the zeolite prepared at the lowest temperature (130 °C). Low temperature seemed 
to be detrimental to Al incorporation in the zeolite framework, which resulted in a SAR of 99. 
Powder X-ray diffraction (XRD) patterns were acquired to study the samples’ crystal 
structure and the presence of amorphous material (Fig. 2). An internal standard was mixed 
with each sample and used as a reference to calculate the relative crystallinity of the zeolitic 
material. Only diffraction peaks characteristic of the MFI framework type and internal standard 
were observed. In the present work, the relative crystallinity was calculated using the intensity 
of characteristic reflections instead of the diffraction peak areas. While both methods are 
common, the peak intensity is more sensitive to small variations in crystal structure. 
Temperature was found to have a beneficial effect on the crystallization process in good 
agreement with Petushkov et al.[38] The intensity of the reflections at 23.08, 23.88, and 24.36° 
increased by 27 % in going from a 130 to 190 °C synthesis temperature. A lower crystallinity 
was accompanied by an increase of the amorphous phase in the sample, as indicated by a more 
pronounced amorphous scattering halo. Small peak shifts of 2θ = + 0.1° were also observed 
for the least crystalline samples, e.g. ZSM5-24-130, representative of a small contraction of 
the framework (smaller d spacing). 
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Figure 1. SEM images of commercial Zeolyst ZSM-5 CBV2314 (a,b) and hierarchical ZSM-
5 samples synthesized at 130 °C (c,d), 150 °C (e,f), 170 °C (g,h), and 190 °C (I,j) for 24 h.
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Table 1. Synthesis conditions and characterization data for commercial and laboratory synthesized ZSM-5 catalysts 
Catalysts[a] Synthesis SAR[b] Surface area (m
2g-1)[c] Volume (cm3g-1)[d] RC[e] (%) 
27Al FWHM[f] (nm) 
NH3-TPD BAS Peak[g] 
Time (h) Temp (°C) Stotal Smicro Smeso Vtotal Vmicro Ctr. (°C) Area (a.u.) 
CBV2314 -- -- 23 372 274 98 0.202 0.127 100.0 5.9 408 86 
ZSM5-24-130 24 130 98.6 481 230 251 0.348 0.105 81.0 5.6 366 30 
ZSM5-24-150 24 150 49.2 438 254 184 0.364 0.117 86.7 5.8 387 39 
ZSM5-24-170 24 170 52.9 398 248 150 0.273 0.114 100.9 5.4 409 66 
ZSM5-24-190 24 190 52.3 421 243 178 0.291 0.111 102.5 5.3 413 68 
ZSM5-OPT 40 180 34.4 318 244 74 0.159 0.113 100.7 4.9 432 147 
[a] CBV2314: commercial ZSM-5; ZSM5-24-xxx: nanocrystalline ZSM-5 synthesized with various hydrothermal treatment 
temperatures (xxx=130-190 °C) using the method by Petushkov et al.[38]; ZSM5-OPT: microcrystalline ZSM-5 synthesized using a 
recipe adapted from Kleinwort.[39]  
[b] Silica-to-alumina ratio calculated from EDS analysis.  
[c] Specific surface areas determined from N2 physisorption using the BET (total) and t-plot (micropores) methods. The mesoporous 
surface area was calculated by difference.  
[d] Total and microporous volumes determined by N2 physisorption using the single-point adsorption pore volume (total) and t-plot 
(micropores) methods.  
[e] Relative crystallinity calculated based on the intensity of the main diffraction peaks. Results were normalized to the commercial 
CBV2314.  
[f] Full width at half maximum (FWHM) of the 27Al SSNMR peak corresponding to framework aluminum.  
[g] Peak center and area for the contribution corresponding to strong Brønsted acid sites in the NH3-TPD curves. 
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Figure 2. Powder XRD patterns obtained for commercial (CBV2314) and for nanocrystalline 
samples synthesized at various temperatures. (a) The addition of an internal standard allowed 
us to scale the patterns and compare characteristic MFI peaks (b). 
Nanostructuring the catalyst increased the total surface area from 372 m2/g to 377 – 
480 m2/g (Table 1). A greater surface-to-volume ratio for these small crystals and their 
arrangement in aggregates resulted in a 3-fold enhancement of the mesoporosity compared to 
that of the commercial zeolite (Table 1). This increase is evident in the N2 physisorption 
isotherms at high P/P0 and in the pore size distributions (PSD) (Fig. 3). While the commercial 
ZSM-5 gave a type IV isotherm with a narrow H4 hysteresis typical of microporous materials 
organized in disordered mesoporous aggregates, all synthesized samples showed a more 
pronounced hysteresis loop characteristic of hierarchical materials.[41] The pore size 
distributions (calculated from the adsorption branch of the isotherm using the BJH model) 
revealed a broad distribution of mesopores from 5 to 50 nm for samples synthesized at 130 – 
150 °C whereas higher synthesis temperatures favored the formation of more compact 
aggregates. Pores upwards of 50 nm are significantly larger than those observed in MCM-41 
or SBA-15 and, therefore, diffusion is expected to be significantly improved for the samples 
synthesized at 130 and 150 °C. 
(a) (b)
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Figure 3. N2 isotherms (a) and pore size distributions (b) of commercial (CBV2314) and 
synthesized hierarchical ZSM-5 samples. 
Changes in acidity were probed by ammonia temperature programmed desorption 
(NH3-TPD, Fig. 4) and Fourier transform infrared spectroscopy of pyridinated samples 
(Pyridine-FTIR, Fig. 5), two complementary techniques commonly used for zeolite 
characterization.[42] NH3-TPD curves obtained for similar zeolites measured under the same 
conditions provides valuable information on changes in total (Lewis and Brønsted) acid site 
density within a sample series.[42] Figure 4 reveals a net increase in acidity with synthesis 
temperature, independent of elemental composition. These results suggest a better aluminum 
insertion in the zeolites. While it is difficult to distinguish Lewis from Brønsted acid sites by 
NH3-TPD, Bates et al. demonstrated a direct correlation between the contribution at 366-413 
°C and N-propylamine decomposition.[43] Therefore, this TPD peak can be unambiguously 
assigned to strong Brønsted acid sites associated to framework Al atoms. An integration of this 
contribution (Table 1) supports an increase in BAS with synthesis temperature, in good 
agreement with improved Al insertion in tetrahedral framework sites at the expense of 
amorphous Al species. This interpretation is also consistent with pyridine-FTIR and 27Al solid 
state nuclear magnetic resonance (SSNMR) data (vide infra). It is also worth noting that the 
(a) (b)
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BAS peak center shifted from 366 to 413 °C with increasing synthesis temperature, which 
indicates the presence of stronger Brønsted acid sites in the more crystalline samples. 
 
Figure 4. Ammonia temperature-programmed desorption (NH3-TPD) curves obtained for 
commercial (CBV2314) and the synthesized samples. 
 
Figure 5. Fourier transform infrared (FTIR) spectra of pyridinated samples. The peaks at 1550 
and 1455 cm-1 are characteristic of Brønsted and Lewis acid sites, respectively. 
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Figure 6. 27Al solid state nuclear magnetic resonance (SSNMR) spectra of the commercial 
(CBV2314) and synthesized ZSM-5 samples. The peaks at 55 ppm and 0 ppm are characteristic 
of Al atoms in framework and extra-framework sites, respectively. 
Changes in acidity were further investigated by Pyridine-FTIR as this probe molecule 
generates distinct IR-active vibrations when chemisorbed on Lewis and Brønsted acid sites 
(Fig. 5). Interestingly, integration of the peak at 1455 cm-1 revealed similar concentrations of 
Lewis acid sites, independent of the synthesis parameters. The concentration of Brønsted acid 
sites (~1550 cm-1) increased according to 130<150<170≈190 °C. This trend is consistent with 
the changes observed in the 27Al SSNMR spectra (Fig. 6 and S1-S2). The obtained SSNMR 
spectra displayed two main peaks centered at 55 ppm and 0 ppm, corresponding to tetrahedrally 
coordinated framework aluminum atoms (AlTd) and octahedral extra-framework Al species 
(AlOh), respectively. The isomorphous substitution of framework silicon with aluminum in the 
tetrahedral coordination creates negative framework charges that are balanced by protons, 
giving zeolites their characteristic strong Brønsted acidity.[44] The linear correlation between 
Brønsted acid sites (H+) and tetrahedrally coordinated Al atoms allows for the quantification 
of strong Brønsted sites in protonic zeolites by SSNMR.[43] In contrast to chemisorption 
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techniques, SSNMR probes the total number of strong Brønsted acid sites (associated to 
framework Al), regardless of their accessibility. Therefore, the fact that SSNMR (AlTd peak), 
NH3-TPD, and Pyridine-FTIR share the same 130<150<170≈190 °C trend indicates that all 
the Brønsted acid sites are accessible and titrated in the equilibrated samples, when NH3 and 
pyridine are given sufficient time to diffuse inside the pore network. At this stage, it is also 
important to remember that the samples synthesized at 130 and 150 °C present the highest 
mesopore surface area and volume (Table 1). Yet, these samples are the least acidic. These 
results indicate that our series of nanocrystalline ZSM-5 samples is fundamentally different 
from the zeolites studied by Puértolas et al.[45] These authors identified a clear porosity-
acidity correlation for mesoporous zeolites prepared by desilication. Hence, porosity, acid site 
density, and catalytic activity followed the same trend. In contrast, all the techniques used in 
the present study indicate that the number of strong Brønsted acid sites increases with synthesis 
temperature while the amount of amorphous material in the samples decreases, as indicated by 
XRD. Therefore, higher synthesis temperatures (170-190 °C) enhances Al insertion in the 
zeolitic framework at the expense of Al atoms involved in amorphous, NMR-invisible, extra-
framework material, with an optimum at 170 °C for the gel composition selected for this work. 
The complex relationship between the characterized properties reveal why clear 
structure-activity correlations have not yet been identified for zeolite-catalyzed fast pyrolysis. 
The combination of techniques used in the present work is expected to provide unique insights 
into these correlations. 
3.3.2 Catalytic Performance 
The synthesized samples were tested for the catalytic fast pyrolysis (CFP) of cellulose 
to aromatic hydrocarbons. Yields and selectivities to the most important products are reported 
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in Fig. 7. It should be noted that the CFP reaction is typically performed at high temperature, 
between 600 and 800 °C. The optimal temperature (the temperature which affords the highest 
yields) varies depending on the configuration of the pyrolyzer used for the tests. While 
pyroprobes are typically operated at 600-650 °C, micro-pyrolyzers perform better at 650-700 
°C.[6, 25] Here, we chose to carry out the reaction at 700 °C in a micro-pyrolyzer based on 
previous optimizations of our setup.[6] Cellulose and catalyst were brought to the target 
temperature within 500 ms and the overall reaction proceeded within a few seconds. Only 
aromatic hydrocarbons were detected under these conditions, with benzene, toluene, xylene, 
and naphthalene accounting for more than 70% of the detected products. 
 
Figure 7. Aromatic yield and selectivity to the main aromatic hydrocarbons obtained for the 
catalytic fast pyrolysis of cellulose at 700 °C. The tests were performed using a micro-
pyrolyzer equipped with online GC-MS analysis. 
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Significant differences in activity were observed for the nanocrystalline zeolites with 
yields to aromatic hydrocarbons ranging between 15 and 30%. This broad differences in 
catalytic performance cannot be attributed to variations in elemental composition as 
commercial ZSM-5 samples from Zeolyst and Clariant with SAR of 23 to 55 achieved similar 
yields under our reaction conditions (27.5 ± 1.0 %, see Table S1). Interestingly, the laboratory 
synthesized zeolites with the highest mesoporosity (ZSM5-24-130 and ZSM5-24-150) 
performed very differently and gave yields of 15 and 27%. These results are important: while 
mesoporosity and small crystal size may enhance intracrystalline diffusion,[24] other 
parameters play a more prominent role on the production of aromatic hydrocarbons. This 
interpretation is consistent with previous work for which only minor improvements in BTX 
production were achieved when introducing mesopores in zeolite crystals.[37] 
Comparing the reference CBV2314 with the hierarchical ZSM-5 synthesized at 150, 
170, and 190 °C provided interesting insights into the parameters that govern the catalytic 
activity. These 4 zeolites achieved similar yields (24-29%) although they exhibit very different 
crystal size, aggregate size, porosity, and acidity. It is also worth noting that ZSM5-24-170 
achieved the same yield as the commercial ZSM-5 (CBV2314) despite having 25% fewer BAS 
and a lower microporous volume, which were both reported to be critical to achieve a high 
aromatic hydrocarbon yield for the CFP of cellulose.[28, 32]  
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Figure 8. Radar plot highlighting key structural and chemical features of commercial ZSM-5 
CBV2314 and hierarchical ZSM-5 synthesized at 130 and 170 °C. 
Key features and aromatic yields for the least active (ZSM-24-130) and the best 
catalysts (ZSM5-24-170 and CBV2314) were compared in a radar plot in order to visually 
identify key differences and guide future rational catalyst design (Fig. 8). The overlapping 
areas in the plot reveal that the best catalysts are highly crystalline and present a strong acidity. 
These observations were consistent for commercial Zeolyst and Clariant zeolites (Table S2, 
Fig. S3) as well as laboratory synthesized ZSM-5. More surprisingly, mesoporosity (Smeso) and 
total surface area (Stotal) do not seem to play a significant role on aromatic hydrocarbon 
production under our reaction conditions. New correlations also emerged between catalytic 
activity and AlTd NMR peak intensity and shape. Correlations between AlTd peak intensity, 
acidity, and catalytic activity were identified and have already been discussed in previous 
sections. However, these correlations failed to explain why ZSM5-24-170 achieved the same 
aromatic yield as commercial ZSM-5 with 50% fewer acid sites. More in depth analysis of the 
SSNMR results revealed interesting trends in the shoulder at ~50 ppm (Fig. S1) and in the full 
width at half maximum of the AlTd peak (Table 1). These observations could be consistent with 
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the presence of extra-framework amorphous silica-alumina in the commercial zeolite as well 
as in the ZSM5-24-130 and ZSM5-24-150 samples (also revealed by XRD).[46] Therefore, as 
a next step, we explored alternative gel compositions and hydrothermal treatment conditions 
that favor the growth of highly crystalline ZSM-5 samples with strong acidity and enhanced 
Al insertion in the zeolitic framework as these parameters seem critical to achieve high yields 
(vide infra). 
3.3.3 Synthesis of ZSM-5 with Enhanced CFP Performance 
The negligible amount of amorphous materials identifiable by XRD in samples 
synthesized at high temperature suggests a significant increase in bulk crystallinity would be 
difficult to achieve. However, disordered surface species (e.g. amorphous extra-framework 
silica-alumina) have been proposed to block a vast majority (>99 %) of pore openings in small 
(<50 nm) MFI crystals.[47] These blockages are particularly difficult to characterize by 
aberration-corrected high-resolution transmission electron microscopy (AC-HRTEM), atomic 
force microscopy (AFM), and even chemisorption.[47] While most acid sites remain accessible 
to probe molecules under equilibrium conditions, frequency response investigations 
demonstrated that these inorganic species hamper the diffusion of bulky molecules under 
reaction conditions. Obviously, these effects are expected to also take place for larger crystals, 
in particular for very fast reactions such as CFP. We hypothesized that tuning the synthesis 
conditions to lower the formation of these disordered species would also improve Al insertion 
into the zeolitic framework and enhance the catalytic activity. 
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Figure 9. Low (a) and high (b) magnification SEM images of the optimized ZSM-5 sample. 
 
Figure 10. Aberration-corrected HRTEM images of commercial CBV2314 (a) and the 
optimized ZSM-5 sample (b). The corresponding selected area electron diffraction (SAED) 
patterns (respectively c and d) reveal a lower amount of amorphous species in the optimized 
zeolite.  
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Highly ordered (defect free) zeolites are of particular importance for membrane 
applications where inter-crystal diffusion paths and varying pore sizes are detrimental to 
membrane performance.[48] Research in this field has established that heterogeneous 
nucleation growth techniques and extended crystal growth times are advantageous for single- 
phase MFI synthesis.[48] Through these synthesis techniques, we can minimize defect 
formation and generate highly ordered crystals at the expense of mesoporosity. 
The synthesis of a highly ordered ZSM-5 catalyst was adapted from a recipe by 
Kleinwort.[39] The method utilizes a seeding step and long crystallization time to ensure a 
highly homogeneous and crystalline ZSM-5. SEM images of the obtained sample revealed 
microcrystals organized in aggregates of 3-5 µm, i.e. approximately one order of magnitude 
larger than the nanocrystals studied in the first part of this work (Fig. 9). Characterization by 
XRD (Fig. S4) confirmed that the sample’s crystallinity was similar to commercial ZSM-5 
(RC=100.7%). However, AC-HRTEM and selected area electron diffraction (SAED) showed 
differences in the structure and amorphous content for the two samples (Fig. 10 and S5-S6). 
Small (20-50 nm) crystalline domains with a significant number of grain boundaries and low 
contrast areas which could correspond to amorphous regions were imaged for the commercial 
Zeolyst CBV2314. The corresponding SAED pattern was found to be consistent as it showed 
the coexistence of highly crystalline (bright spots) and amorphous (diffuse spots) regions. In 
contrast, the optimized ZSM-5 crystals have a well-aligned network of micropores extending 
over hundreds of nanometers. The sample’s high crystallinity was further confirmed by SAED. 
As expected, the mesoporous surface area and volume were minimal (sample ZSM5-
OPT in Table 1). N2 physisorption showed a near-type I isotherm characteristic of microporous 
materials and the pore size distribution displayed only few pores with a width greater than 1 
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nm (Fig. S7-S8). Hence, while the relative crystallinity determined by XRD is similar for both 
samples, the optimized ZSM-5 exhibits long-range order with micropores free of any 
amorphous material. 
The existence of pore blockages in both samples was further studied by nitrogen uptake 
kinetic studies (Fig. 11). These time-resolved nitrogen adsorption experiments provide 
significant insights into the diffusion of small molecules with dynamic diameters well below 
the zeolite’s pore size. The uptake experiments start after evacuating the samples and reaching 
a base pressure of 10 µmHg. Thus, the uptake kinetic traces provide direct information on the 
accessibility (and blockage) of the zeolite’s microporous network. Figure 11 clearly shows that 
diffusion in the commercial ZSM-5 is slow and the adsorbed volume plateaued after ca. 50 s. 
In comparison, the uptake for the optimized ZSM-5 was about one order of magnitude faster 
despite the larger crystal and aggregate sizes (Fig. 9). These experiments, together with AC-
HRTEM images and SAED patterns, support the presence of an amorphous phase inside the 
pores of the commercial zeolite and that may impact its catalytic activity. 
Optimized ZSM-5 catalyzed fast pyrolysis of cellulose produced 32% yield of aromatic 
hydrocarbons, a 12% increase compared to commercial CBV2314 tested under the same 
conditions (Fig. 7). To the best of our knowledge, this is the first time that the performance of 
Zeolyst ZSM-5 has been surpassed. It is worth noting that this excellent performance was 
obtained with microporous micron-sized crystals. Therefore, this experiment is consistent with 
the conclusions drawn from the first part of this work and confirms that while nanostructuring 
the zeolite crystals or inserting mesopores and mesovoids may help inter- and intracrystalline 
diffusion, other parameters have a significantly more pronounced impact on the CFP activity 
and the formation of the desired aromatic hydrocarbons. 
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Figure 11. N2 uptake curves for commercial and optimized ZSM-5. 
 
Figure 12. NH3-TPD curve obtained for optimized ZSM-5. The curves corresponding to 
commercial ZSM-5 and to the hierarchical ZSM5-24-170 sample are also shown for 
comparison. The optimized sample exhibits a more pronounced high temperature desorption 
peak despite a lower Al content compared to commercial CBV2314. The peak is also shifted 
to higher temperature, which is an indication for stronger acidity. 
82 
 
 
 
 
 
Figure 13. FTIR spectra of pyridinated samples. Compared to the commercial zeolite used 
here as a reference, the optimized ZSM-5 exhibits only slightly lower Brønsted acidity despite 
a 50% lower Al content by EDS analysis. 
 
 
Figure 14. 27Al SSNMR spectrum of optimized ZSM-5. The spectra for commercial ZSM-5 
and ZSM5-25-170 are displayed for comparison. 
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Further analysis of the microcrystalline ZSM-5 by NH3-TPD, pyridine-FTIR, and 27Al 
SSNMR (Figs. 12-14) confirmed that the synthesis conditions we used to minimize defects 
also enabled a better insertion of Al in the zeolitic framework and, as a result, the formation of 
more homogeneous and stronger Brønsted acid sites. While the sample presents a SAR of 34.4, 
thus a 50 % lower Al content than that of the commercial ZSM-5, NH3-TPD revealed a 
significant increase in strong acid sites (Fig. 12). Conversely, pyridine-FTIR displayed a 
similar increase, although less pronounced (Fig. 13). This apparent discrepancy is most likely 
due to CBV2314 exhibiting weak acid sites that are captured by Pyridine-FTIR but not by 
NH3-TPD due to the easy desorption of ammonia. Extra-framework AlOH groups are strong 
enough to retain pyridine at the desorption temperature used for pyridine FTIR. However, the 
NH3 desorption activation energy for AlOH sites is lower than for Brønsted acid sites.[49] 
Therefore, AlOH would not appear in the strongest acid site region of TPD (above 350 °C). 
Further FTIR studies using collidine and 2,6-di-tert-butylpyridine (DTBPy), two probe 
molecules too large to diffuse inside the ZSM-5 micropore network, were performed in order 
to locate these AlOH sites and get additional information on acid site accessibility.[50] The 
absence of any signal for this sample series (Fig. S9) demonstrate that the extra-framework 
AlOH species are located inside the pore network, in good agreement with the N2 uptake 
experiments. These measurements also unambiguously ruled out any significant contribution 
from external acid sites and any porosity-acidity correlation for CFP. This interpretation is also 
supported by 27Al SSNMR results (Fig. 14): the peak corresponding to tetrahedral aluminum 
increases in intensity and becomes narrower, indicating more Al in highly symmetric 
framework sites than for the commercial sample. Using the radar plot in Fig. 15, we again 
highlight the critical parameters for high catalytic activity and provide further insight into key 
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factors that need to be further optimized. Comparing the results for commercial and optimized 
ZSM-5 reveals that the increase in aromatic hydrocarbon yield can be assigned to a higher Al 
ratio in framework sites and, reciprocally, less Al in extra-framework surface species that block 
pores and, potentially, catalyzed undesired reactions. 
 
Figure 15. Radar plot highlighting key structural and chemical features of commercial ZSM-
5 and the optimized zeolite obtained in this work through combination of seeded growth and 
extended crystallization times. 
3.4 Conclusions 
The ZSM-5 zeolite catalyzes the fast pyrolysis of cellulose with a high selectivity to 
small aromatic hydrocarbons (benzene, toluene, xylene, naphthalene), which find applications 
as bio-based chemicals or as gasoline-range fuels after additional hydrogenation. The unique 
size and shape selectivity of ZSM-5 towards these compounds is well-established and 
understood. However, the importance of other structural parameters for the efficient 
transformation of pyrolysis vapors into aromatics remained to be elucidated. It was previously 
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proposed that strong Brønsted acid sites located inside the pores of the zeolite catalyze a series 
of deoxygenation, cracking, alkylation, and aromatization reactions. This hypothesis was 
primarily based on analogies with the methanol to olefins (MTO) and methanol to 
hydrocarbons (MTH) reactions. Here, we have demonstrated that amorphous silica-alumina 
surface species, even present in small concentration, impact the diffusion of bulky reactants, 
lower the amount of Al in framework sites and, consequently, alter the Brønsted acid site 
density and strength. These observations were shown to hold without exception regardless on 
the provider or synthesis method. Based on this finding, we designed a highly crystalline 
zeolite with minimal crystalline defects and amorphous material through the adaptation of 
techniques developed for zeolite membrane synthesis. This approach allowed us to further 
study the role of zeolite crystallinity, as well as the nature of its acid sites. The yield to desired 
products increased by 12% and for the first time surpassed the aromatic hydrocarbon yield 
obtained for commercial ZSM-5 tested under the same conditions. This work sets the 
foundation for future mechanistic studies and for the design of new zeolitic materials optimized 
for CFP. 
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3.7 Supplementary Information 
 
 
 
 
 
 
Figure S1. 27Al solid state nuclear magnetic resonance (SSNMR) spectra of the commercial 
(CBV2314) and synthesized samples scaled to highlight the differences in the AlTd peak 
corresponding to Al in tetrahedral framework sites. 
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Figure S2. 27Al solid state nuclear magnetic resonance (SSNMR) spectra of the commercial 
(CBV2314) and synthesized samples scaled to highlight the differences in the AlOh peak 
corresponding to extra-framework Al.  
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Figure S3. X-ray diffraction patterns (left) and 27Al solid state nuclear magnetic resonance 
(SSNMR) spectra (right) for ZSM-5 commercial samples from Zeolyst International 
(CBV2314) and Clariant (HCZP27). 
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Figure S4. X-ray diffraction patterns obtained for commercial ZSM-5 (CBV2314), the 
hierarchical ZSM-5 synthesized at 170 °C (ZSM5-24-170), and the optimized ZSM-5 (ZSM5-
OPT).  
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Figure S5. Aberration-corrected HRTEM image of the commercial Zeolyst CBV2314.  
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Figure S6. Aberration-corrected HRTEM image of the optimized ZSM-5 zeolite (ZSM5-OPT) 
synthesized in this work 
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Figure S7. N2 physisorption isotherms obtained for hierarchical ZSM-5 synthesized 170 and 
130 °C (ZSM5-24-170 and ZSM5-24-130), commercial ZSM-5 (CBV2314), and the optimized 
ZSM-5 (ZSM5-OPT).  
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Figure S8. Pore size distribution calculated from the adsorption branch of the N2 isotherms for 
commercial ZSM-5 (CBV2314) and the optimized zeolite (ZSM5-OPT). 
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Figure S9. FTIR spectra collected after 2,6-di-tert-butylpyridine (DTBPy) adsorption for 
commercial ZSM-5 (CBV2314) and the optimized zeolite (ZSM5-OPT). The spectra on the 
right correspond to a magnification of the 1400 -1550 cm-1 region. No peak could be detected, 
indicating that external acidity for these samples is negligible. 
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Table S1. Aromatic hydrocarbon yields achieved for CFP with commercial ZSM-5 samples 
from Zeolyst and Clariant. These results reveal no significant effect of elemental composition 
on catalytic activity for SAR below 50. 
 
Sample SAR Aromatic Yield (%) Standard Deviation 
Zeolyst CBV2314 23 28.5 0.17 
Zeolyst CBV3024 30 28.1 0.35 
Zeolyst CBV5524 50 26.5 0.03 
Zeolyst CBV8014 80 20.9 0.47 
Clariant HCZP27 27 26.1 0.26 
 
 
Table S2. Characterization results for the commercial ZSM-5 samples from Zeolyst and 
Clariant.  
 
Catalysts[a] 
Synthesis 
SAR[b] 
Surface area (m2g‐1)[c]  Volume (cm3g‐1)[d] 
RC[e] (%) 
27Al 
FWHM[f] 
(nm) 
NH3‐TPD 
BAS Peak[g] 
Time 
(h) 
Temp 
(°C)  Stotal  Smicro  Smeso  Vtotal  Vmicro 
Ctr. 
(°C) 
Area 
(a.u.) 
CBV2314  ‐‐  ‐‐  23  372  274  98  0.202  0.127  100.0  5.9  408  86 
HCZP27  ‐‐  ‐‐  27  395  302  93  0.231  0.140  76.7  6.8  409  91 
[a] CBV2314: commercial ZSM-5 provided by Zeolyst International; HCZP27: commercial 
ZSM-5 provided by Clariant.  
[b] Silica-to-alumina ratio calculated from EDS analysis.  
[c] Specific surface areas determined from N2 physisorption using the BET (total) and t-plot 
(micropores) methods. The mesoporous surface area was calculated by difference.  
[d] Total and microporous volumes determined by N2 physisorption using the single-point 
adsorption pore volume (total) and t-plot (micropores) methods.  
[e] Relative crystallinity calculated based on the intensity of the main diffraction peaks. 
Results were normalized to the commercial CBV2314.  
[f] Full width at half maximum (FWHM) of the 27Al SSNMR peak corresponding to 
framework aluminum.  
[g] Peak center and area for the contribution corresponding to strong Brønsted acid sites 
in the NH3-TPD curves. 
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CHAPTER 4: DECOUPLING THE ROLE OF EXTERNAL MASS 
TRANSFER AND INTRACRYSTALLINE PORE DIFFUSION ON THE 
SELECTIVITY OF HZSM-5 FOR THE CATALYTIC FAST 
PYROLYSIS OF BIOMASS 
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Abstract 
Catalytic fast pyrolysis (CFP) serves as a promising route for the production of 
renewable chemicals from lignocellulosic biomass. However, this reaction is limited by the 
formation of coke, which can exceed 40% of carbon atoms present in the raw biomass 
feedstock. The role of structural parameters on coking remains unclear with both internal 
micropore diffusion and external mass transfer limitations hypothesized to actively contribute 
to carbon deposition. Here, we decouple the role of these parameters by comparing 
conventional in-situ pyrolysis tests using model compounds to experiments performed with the 
reactant pre-adsorbed onto the zeolite catalyst. Experimental results supported by calculation 
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of the mass transfer Biot number point to micropore diffusion as the dominant cause of coke 
formation. Specifically, the presence of defects such as internal crystal grain boundaries and 
extraframework species in the zeolite’s micropores actively contribute to this undesired side 
reaction. Conversely, external surface barriers were found to play a minimal role in the 
deposition of carbon.   
4.1 Introduction 
Catalytic fast pyrolysis (CFP) of biomass using zeolite catalysts represents a simple, 
scalable method to produce renewable chemicals and fuels.[1] In this process, lignocellulosic 
biomass is thermochemically decomposed to pyrolysis vapors that are further deoxygenated, 
cracked, and recombined to form valuable aromatic products using a zeolite catalyst. However, 
this process is limited by the formation of coke, an undesired solid side product.[1] Coking can 
occur on the external surface of the zeolite catalyst (thermal coke) through condensation of 
products in the gas phase or in the zeolite’s micropores (catalytic coke) through acid-catalyzed 
oligomerization of unsaturated carbon species, with different fractions of each observed for 
different processes.[2] Both solid carbon products can alter product selectivity and decrease 
catalyst activity by poising acid sites and disrupting transport of reactants and products. Much 
research has been devoted to the characterization of coke on spent catalyst[3-7], quantifying 
the distribution of external vs internal carbon deposits[3, 6, 8], and optimizing reaction 
parameters to minimize their formation[9-14] for a number of pyrolysis-related reactions. 
However, research into the contribution of structural parameters such as acidity, defect density, 
defect location, and porosity on this undesired side reaction is limited for CFP.  
The individual contributions of external mass transfer and intracrystalline pore 
diffusion on coke formation remain convoluted and unclear. Carlson et al. hypothesized the 
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formation of coke during CFP results primarily from the polymerization of oxygenated 
reactants in the gas phase due to slow boundary layer mass transport from the gas phase to the 
zeolite’s micropore network.[15] As a result, Hoff et al. synthesized a ZSM-5 zeolite with 
minimal surface debris to facilitate transport from the gas phase to the bulk pore structure 
during the CFP of cellulose.[16] While liquid yields were enhanced in this study, coke was not 
quantified and the long-term performance was not investigated. 
Alternatively, calculating the Weisz modulus suggests pore diffusion is rate 
limiting.[17] However, a simple calculation may not be representative of the CFP system 
because (i) these calculations require assumptions and (ii) the reaction may occur at or near 
the surface. Near-surface and pore-mouth reactions are not uncommon in zeolite catalysts and 
their contribution to the observed activity during CFP remains to be studied. Characterization 
of coke precursors also supports coke forming first in the pore structure. Fan et al. investigated 
the deactivation mechanism of ZSM-5 in the upgrading of pyrolysis vapors by extracting coke 
precursors with tetrachloromethane (external coke) and dichloromethane (total coke).[8] The 
authors proposed that coke first forms in the zeolite pores, which blocks diffusion and results 
in carbon deposition on the catalyst’s external surface. Similar experiments by other 
researchers led to the same conclusion.[18] However, because the reaction time was not varied, 
it is difficult to determine which species formed first. To minimize the effect of internal 
limitations, several groups have attempted to shorten the pore diffusion path.[19-24] Both 
decreasing crystal size and introducing mesopores have been met with minimal success, 
supporting the need for a more fundamental understanding of the role of diffusion in 
coking.[23-30]  
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In this work, we aim to decrease the complexity of this catalyst-pyrolysis vapor 
interaction to ascertain the fundamental causes of zeolite coking. Specifically, during 
conventional CFP experiments, the feedstock is first thermally decomposed, monomers must 
then overcome external mass transfer limitations, diffuse through the zeolite’s micropores, 
react at an acid site, and the product finally diffuses back to the gas phase. To simplify this 
process, model compounds were pre-adsorbed into the zeolite structure prior to pyrolysis. The 
reaction begins with the oxygenated species in the zeolite’s pores, eliminating the early steps 
required in a typical experiment. These experiments enable the differentiation between 
contributions to coking by the external mass transport and micropore diffusion. Most diffusion 
and model compound investigations struggle to capture the true nature of complex reactions 
such as CFP. Here, direct adsorption was used to minimize the assumptions that are typically 
required for data interpretation.  
4.2 Experimental section 
4.2.1 Catalyst preparation 
Commercial zeolites in their ammonium form were purchased from Zeolyst 
International (CBV2314, CBV3024E, CBV5524G, and CBV8014 with SiO2/Al2O3 = 23, 30, 
50, and 80, respectively). The zeolites were calcination at 550 °C for 10 h using a 5 °C/min 
ramp to obtain the protonic form (HZSM-5) used for adsorption and reaction testing.  
Na-form ZSM-5 was obtained through repeated ion exchanges of commercial ZSM-5 
(CBV2314). H-form zeolite (0.1 g) was added to 50 mL 0.1 M NaCl solution, vortex mixed to 
disperse, and ion-exchanged overnight at 60 °C. The mixture was then separated by 
centrifugation at 5,000 RPM for 15 min, the liquid was replaced by fresh NaCl solution, and 
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the ion-exchange was repeated. A total of 3 exchanges were performed to assure a complete 
replacement of H+ by Na+.  
Silicalite, the Al-free analog of ZSM-5, was synthesized using a gel with the following 
molar composition: 
25 TEOS : 9 TPAOH : 480 H2O 
where TEOS = tetra-n-ethylorthosilicate (Sigma-Aldrich, 98%) and TPAOH = tetra-n-
propylammonium hydroxide (40 wt%, Alfa Aesar). Water and TPAOH were mixed and stirred 
for 5 min at 500 RPM. The TEOS was then added and the solution was stirred at 500 RPM for 
1 h. The gel was then loaded into a Teflon-lined Paar 4744 stainless steel autoclave and placed 
in an oven at 95 °C for 48 h. Following synthesis, zeolite crystals were collected by 
centrifugation at 5,000 RPM for 15 min and washed twice with DI water and once with ethanol. 
After the final washing, the slurry was dried at 70 °C overnight. The sample was then calcined 
at 550 °C for 10 h using a 5 °C/min ramp to decompose the TPA structure directing agent. 
Hierarchical ZSM-5 was synthesized using a dual template method reported by Emdadi 
et al.[31] The synthesis recipe was as follows: 30 Na2O : 1 Al2O3 : 100SiO2 : 10 C22−6−6 : 
3TPAOH : 4000 H2O : 18 H2SO4, where C22−6−6 stands for the polyquaternary ammonium 
surfactant template, [C22H45−N+(CH3)2−C6H12−N+(CH3)2−C6H13]Br2. The C22-6-6 template was 
prepared using the method reported by Ryoo and co-workers.[32] The hydrothermal synthesis 
of the hierarchical ZSM-5 was performed by dissolving 1.4 g NaOH (Sigma Aldrich, ≥ 97.0%) 
in 6.13 g DI water, dissolving 0.8 g H2SO4 (Sigma Aldrich, 98.0%) in 8.4 g DI water, and 
subsequently adding the basic solution dropwise to the acidic solution under vigorous stirring. 
After cooling to ambient temperature, Al2(SO4)3·16H2O (Mallinckrodt Chemicals, 
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98.0−102.0%) was dissolved in the mixture. TPAOH and TEOS were then added sequentially 
to the mixture and the mixture was stirred vigorously at room temperature for 20 h using a 
magnetic stirrer. Finally, the mixture was mixed with a C22−6−6 solution that was prepared by 
dissolving 4.4 g C22−6−6 in 30 g DI water at 60 C. After continuously mixing for 2 h at room 
temperature, the resultant gel was transferred into a Teflon-lined stainless-steel autoclave, 
followed by crystallization for 5 days by rotating Teflon lined steel autoclaves at 150 C. After 
crystallization, the zeolite product was filtered, washed with DI water, and dried at 70 C 
overnight. The zeolite sample was calcined in dry air (1.67 mL s−1, ultrapure, Airgas) by 
increasing the temperature from ambient temperature to 600 at 0.0242 C s−1 and holding for 
6 h. The as-calcined zeolite sample was ion-exchanged three times using 1 M aqueous NH4NO3 
(weight ratio of zeolite to NH4NO3 solution = 1:10) at 80 C for 12 h, and subsequently 
collected by centrifugation, washed with deionized water three times, and dried at 70 C 
overnight. The zeolite sample in the NH4+ form was treated in dry air (1.67 mL s−1, ultrapure, 
Airgas) by increasing the temperature from ambient temperature to 600 at 0.0242 C s−1 and 
holding for 4 h to thermally decompose NH4+ to NH3 and H+ to form the hierarchical ZSM-5 
in the proton form.  
4.2.2 Model compound adsorption 
Phenol was selected as a representative model compound for biomass. Experimentally, 
phenol also presents the advantage of being solid at room temperature, allowing for physical 
mixtures with ZSM-5, and of being soluble in water, which facilitates its adsorption in the 
pores of the zeolite. Adsorption was carried out with either 0.10 or 1.00 g of phenol and 1.00 
g of ZSM-5 in 200 mL of deionized water. A 1:1 phenol-to-zeolite ratio for adsorption was 
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used when a 1:10 ratio provided too low a carbon loading. The mixture was stirred at 500 RPM 
overnight. Following adsorption, the solution was centrifuged at 5000 RPM for 15 min and the 
liquid decanted. The solid product was then dried overnight at 60 °C to obtain the reaction 
starting material. 
4.2.3 Catalyst characterization 
Pre-reaction and post-reaction samples were analyzed for carbon loading and solid 
product, respectively, using an Elemantar vario MICRO cube. Approximately 5 mg of sample 
and an equal weight of tungsten (VI) oxide to promote combustion were loaded into a tin weigh 
boat and analyzed. The equipment was calibrated using rice flour prior to each analysis. 
Tabulated values for the carbon loading for all samples can be found in Table S1. 
Ammonia temperature programmed desorption (NH3-TPD) was performed using a 
Micromeritics Autochem II 2920. In a typical experiment, 50 mg of zeolite powder was first 
heated to 550 °C using a 10 °C/min ramp and held for 1 hr to remove moisture. The zeolite 
was cooled and saturated with NH3 for 30 min at 50 °C using 20 ml/min of 10 vol% NH3 in 
He. The sample was then purged at 100 °C under flowing He for 30 min to remove weakly 
adsorbed ammonia. Desorption was recorded using a thermal conductivity detector (TCD) 
while heating from 100 °C to 700 °C at 10 °C/min. TCD curves were normalized using sample 
mass.  
Powder X-ray diffraction measurements were performed to verify the crystallographic 
structure of the synthesized materials. The analysis was carried out with a Siemens D 500 
diffractometer using CuKα radiation, a diffracted-beam monochromator (graphite), and a 
scintillation detector. A step size of 0.05° in the range of 2θ = 5 – 50° was used with a 3 s dwell 
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time per step. Prior to analysis, the zeolite was mixed using mortar and pestle with a high purity 
corundum (Alfa Aesar, verified using NIST 674b standards zincite, rutile, and cerianite) to 
obtain a 40 wt% internal standard by mass mixture. All data were analyzed using Jade software 
version 9.5. 
4.2.4 Catalytic fast pyrolysis tests 
Pyrolysis experiments were carried out using a Frontier micropyrolyzer. A detailed 
description of the set-up can be found in previous studies.[9, 33] All tests were performed 
using the in-situ pyrolysis configuration, where catalyst and feedstock are co-pyrolyzed. 
Cellulose powder (20 µm) and phenol (ACS reagent, >99.0%) were purchased from Sigma-
Aldrich. Lignin separated by the plantrose process was provided by Renmatix. A 20:1 catalyst-
to-feedstock ratio was used for all physical mixtures. Reactions were carried out using 5 mg 
of sample at 500 °C with a 50 ml/min He carrier gas flowrate. Results are presented as molar 
carbon yield or the ratio of moles of carbon in the product to moles of carbon in the pre-reaction 
sample.   
4.2.5 Diffusion measurements 
Diffusion measurements were carried out in the Frontier micropyrolyzer described 
above but directly connected to the FID detector of the gas chromatograph following a 
procedure presented elsewhere.[34] The volatile products released in the reaction zone 
travelled through a 500 mm long inert capillary column (Agilent Technologies, 160-2845-5) 
until reaching the FID. Experiments were performed at 200 or 500 °C using 2 mg sample 
loaded into deactivated stainless steel cups. The cups were dropped into the furnace where a 
helium carrier gas at 100 ml/min was used to sweep the desorbed phenol and carry it to the 
FID for detection. The split ratio was 100:1. The maximum from each curve was taken as time 
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zero and the subsequent curve fit accordingly. Only the initial region was analyzed (T < 25 s) 
to assure the observed response was dominated by desorption kinetics. The data points were 
recorded every 0.1s to capture the dynamics of the product evolution. 
4.3 Results and discussion  
4.3.1 Calculation of mass transfer Biot number 
The impact of diffusion and mass transfer on catalytic activity can be mathematically 
estimated using chemical engineering principles. Pore diffusion in zeolites is dominated by 
Knudsen and configurational mechanisms, two slow forms of molecular transport. In addition 
to pore diffusion, an external film layer around the particle can introduce mass transfer 
limitations. The cause of this external limitation is poorly understood and has been attributed 
to a range of phenomena. These include an adsorption or desorption rate limiting step as well 
as structural barrier contributions such as blocked pores or pore narrowing.[35-39] The 
presence of either limitation coupled with the high reaction temperatures required for CFP can 
promote condensation and coke.  
The relative importance of pore diffusion and film diffusion can be represented by the 
mass transfer Biot number (Bim). This dimensionless number relates resistances in the 
micropore to those across a boundary layer at the surface. An order of magnitude estimate of 
Bim for pyrolysis vapors can be used to determine the most important resistance. The mass 
transfer Biot number is given by:  
ܤ݅௠ ൌ ݇ீܮ௉ܦ௣  
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Where  
kG = Film mass transfer coefficient 
LP = Characteristic length of catalyst particle = 5 x 10-7 m 
Dp = Effective diffusivity in the catalyst particle 
 
We found little information on the diffusion of phenol in ZSM-5. Therefore, we 
estimated the rate of diffusivity using benzene and ethylbenzene, two values readily available 
in literature.[40] Additionally, both benzene and ethylbenzene are common products of 
catalytic fast pyrolysis of biomass over ZSM-5. However, diffusivities are temperature 
dependent, increasing with temperature. Values under CFP conditions (500 C) can be 
estimated using an Arrhenius relationship.[41] Using this equation we obtain effective 
diffusivities of 3.9 x 10-13 and 3.1 x 10-13 m2/s for benzene and ethylbenzene in ZSM-5 at 500 
C, respectively.  
The remaining unknown (kG) can be solved for using the Sherwood number (Sh), which 
is estimated by the mass transfer analog to the Churchill-Bernstein equation. This equation is 
applicable to wide range of Reynolds (Re) and Schmidt (Sc) numbers (ScRe > 0.2) and is given 
by:[42]  
݄ܵ ൌ 0.3 ൅ 0.62ܴ݁
ଵ/ଶܵܿଵ/ଷ
ሾ1 ൅ ሺ0.4ܵܿ ሻଶ/ଷሿଵ/ସ
ሾ1 ൅ ൬ ܴ݁282000൰
ହ/଼
ሿସ/ହ ൌ ݇ீܮ௣ܦ  
Where  
Re = Reynolds number 
Sc = Schmidt number 
kG = Film mass transfer coefficient 
LP = Characteristic length of catalyst particle = 5 x 10-7 m 
D = Mass diffusivity 
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From tabulated gas-phase Schmidt numbers, typical Sc values fall in the range of ca. 
0.5 – 2.5.[43] Because the Schmidt number is relatively unaffected by temperature, we will 
approximate using a value of 1.5. Similarly, gas phase mass diffusivities are typically on the 
order of 1.0 x 10-5 m2/s.[43] Re for pyrolysis vapor would fall in the broad range of 0.1 – 
25000. The film mass transfer coefficient has been calculated for both. For a Re of 0.1 and 
25000, the Bim is 5.4 x 108 and 3.1 x 1011 respectively for benzene and 6.7 x 108 and 3.9 x 1011 
respectively for ethylbenzene. All calculated Bim >> 1 indicating internal resistances likely 
dominate this reaction.  
With the diffusion coefficients, a simple calculation of the diffusion time scale (τ = R2/ 
Dp where R=(length x width x height)1/3) can allude to bulk structure utilization.[35, 44] Using 
a previously reported CBV2314 crystal size of 5 µm gives ca. τ = 70 s.[16] This timescale is 
greater than the average residence time of 9.9 s determined experimentally for CFP over ZSM-
5, suggesting a significant underutilization of the bulk structure.[45] However, because the 
experimental value and the computational estimation of diffusion coefficients in ZSM-5 can 
vary by orders of magnitude, we cannot conclusively state the fraction of catalyst used in this 
reaction. Therefore, further experiments are needed to clarify reaction limitations.  
4.3.2 Identifying the role of the catalyst’s structural parameters on coking 
To study the role of external mass transfer limitations on the formation of coke during 
biomass pyrolysis, a physical mixture of phenol and catalyst was compared to zeolite with the 
reactant pre-adsorbed. Phenol, a building block of lignin and common product in the 
uncatalyzed pyrolysis of lignocellulosic biomass, was chosen as a model compound for this 
study. Phenol is a solid at room temperature (allows for physical mixtures similar to those of 
a typical in-situ CFP experiment), small enough to diffuse into the zeolite’s micropores, and 
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readily adsorbed on ZSM-5. Additionally, phenol is stable at fast pyrolysis temperatures, 
displaying no decomposition in the absence of a catalyst (Fig. S1).Pre-adsorption allows to 
both utilize the entire crystal and to bypass any surface barrier associated with mass transfer 
from the gas phase to the microporous catalyst. A decrease in coke formation following this 
adsorption would suggest the dominating contribution to coking is the slow mass transfer from 
the gas phase into the zeolite’s micropores. Alternatively, if increasing the diffusion path length 
results in an increase in solid product, this experiment would reveal micropore diffusion is 
largely responsible for carbon deposition. Physical mixtures of ZSM-5 (Si/Al = 11.5) with 
lignin or cellulose in catalyst-to-biomass ratios of 20:1 were also pyrolyzed using in-situ 
pyrolysis to serve as a benchmark to the model compound tests (Table 1).  
Both phenol adsorbed at a catalyst-to-phenol ratio of 10:1 and 1:1 performed similarly 
during CFP suggesting phenol loading at these ratios has a negligible effect on product 
selectivity (Fig. 1). Despite bypassing the external mass transfer boundary layer required for 
diffusion into the zeolite’s microporous structure, the pre-adsorbed zeolite resulted in a 15.6 
% increase in coke yield (solid carbon). This result suggests that micropore diffusion and/or 
the zeolite’s acid sites actively contribute to the formation of carbonaceous deposits. We can 
deconvolute these contributions by performing similar experiments with modified zeolite 
structures.  
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Table 1. Product distribution for the ZSM-5 (SiO2/Al2O3 = 23) catalyzed fast pyrolysis of various feedstocks. 
 Cellulose Lignin Phenol (20:1 Mix) 
Phenol 
(1:1 Ads) 
Phenol 
(10:1 Ads) 
Solid Products 
Yield 28.5 ± 0.3 53.7 ± 1.6 35.9 ± 4.0 51.8 ± 0.4 51.3 ± 1.0  
Gaseous Products 
Yield (total) 37.7 ± 4.7 15.2 ± 2.5 5.7 ± 1.5 8.0 ± 1.4 13.5 ± 0.8  
CO 25.2 ± 2.7 8.3 ± 0.5 1.4 ± 0.3 1.2 ± 0.1 1.8 ± 0.0 
CO2 7.4 ± 0.3 3.3 ± 0.8 0.8 ± 0.3 1.2 ± 0.3 2.8 ± 0.5 
Ethylene 2.2 ± 0.3 1.2 ± 0.9 0.9 ± 0.3 1.3 ± 0.3 4.2 ± 0.2 
Propylene 2.4 ± 0.7 1.8 ± 0.2 1.9 ± 0.2 2.9 ± 0.6 4.6 ± 0.1 
Butylene 0.5 ± 0.7 0.6 ± 0.1 0.7 ± 0.4 1.4 ± 0.1 0.0 ± 0.0  
Liquid Products 
Yield 29.5 ± 0.8 15.5 ± 0.4 44.8 ± 0.5 27.6 ± 1.7 25.0 ± 5.6  
Selectivity 
Benzene 13.1 ± 0.0 8.4 ± 0.5 6.0 ± 0.2 7.7 ± 0.7 10.6 ± 0.2 
Toluene 27.1 ± 0.0 22.3 ± 0.1 2.1 ± 0.2 3.0 ± 0.5 4.8 ± 0.5 
Xylene 18.5 ± 0.2 26.4 ± 0.1 0.0 ± 0.0 0.9 ± 0.2 1.3 ± 0.2 
Alkyl Benzene 6.4 ± 0.1 7.7 ± 0.4 0.0 ± 0.0 0.0 ± 0.0 1.3 ± 0.9 
Indenes 0.7 ± 0.0 0.7 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
Napthalenes 32.3 ± 0.2 33.2 ± 0.8 7.6 ± 0.8 9.1 ± 3.2 14.2 ± 10.8 
Anthracenes 1.9 ± 0.01 1.3 ± 0.1 1.3 ± 1.5 0.0 ± 0.0 0.0 ± 0.0 
Linear Alkanes/Alkenes 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
Phenols 0.0 ± 0.0 0.0 ± 0.0 81.1 ± 3.1 79.3 ± 4.6 67.8 ± 9.8 
      
Carbon Balance 95.6 84.4 86.4 87.4 89.7 
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Figure 1. Product distribution for ZSM-5 (SiO2/Al2O3 = 23) catalyzed fast pyrolysis of lignin 
and phenol prepared through various methods (  phenol,  condensable products,  olefins, 
 CO and CO2, coke and char) 
Acid site type, quantity, and strength 
To further investigate the role of acid sites on coking, we performed additional 
experiments using MFI zeolites with different acid site types, concentration, and strength 
(Table 2 and Fig. 2). ZSM-5 zeolites with lower Al content were first tested to clarify the role 
of acid site concentration. Increasing the silica-to-alumina (SAR) ratio from 23 to 50, thus 
lowering the acid site concentration by 50 %, decreased coke formation by 10.8 %. 
Interestingly, liquid products yields were slightly higher for the least acidic ZSM-5 (SAR=50) 
despite higher aluminum content samples performing better in our reaction set-up for typical 
in-situ pyrolysis experiments.[45] 
Further, strong Brønsted acid sites were suppressed through ion exchange of the 
protonic ZSM-5 using a sodium chloride solution. NH3-TPD analysis of the obtained Na-ZSM-
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5 marked the absence of the peak at ca. 420 °C characteristic of strong Brønsted acid sites (Fig. 
S2). The ion exchange also altered the adsorption capacity of the zeolite as a ZSM-5 to phenol 
ratio of 10:1 provided a phenol loading too low for sufficient quantification of liquid product 
by FID. The loading increased to 0.97 wt% using a 1:1 ratio, similar to the 0.73 wt% ratio 
measured for the H-ZSM-5 sample when using a 10:1 zeolite-to-phenol ratio. The comparable 
weight of adsorbed phenol allowed for a direct comparison of the two samples. Interestingly, 
the coke yield remained stable at ca. 50 C%. The ion exchange was accompanied with a 
significant decrease in liquid products (from 27.6 % to 19.5 %) in favor of gaseous products 
(from 13.3 % to 24.3 %) and a change in liquid product selectivity. In addition, the Na-ZSM-
5 presented a 13.9 % selectivity to condensable alkanes in the liquid product while no alkanes 
were observed for the H-form catalyst.  
The increase in propylene coupled with the decrease in aromatics for Na-ZSM-5 is 
consistent with results obtained for Ca-ZSM-5 in the conversion of methanol to gasoline.[46] 
The suppression of strong acid sites and increase in weaker acid sites was found to suppress 
the aromatization reaction and increase selectivity to propylene, the main product of a 
methylation and cracking cycle. Similarly, in the oxidation of benzene to phenol, Na-ZSM-5 
suppresses phenol production but significantly increases gas formation compared to the 
corresponding protonic zeolite.[47] The role of Na on CFP remains unclear at this time as 
sodium not only suppresses the strong Brønsted acidity of the zeolite but may also interact with 
the pyrolysis products. Na salts infused in cellulose prior to ZSM-5 catalytic fast pyrolysis 
were found to decrease aromatic production while increasing solid, CO2, and olefin yields, 
trends similar to those we observed for phenol pre-adsorbed on Na-ZSM-5.[48] The presence 
of sodium enhanced the cracking and dehydration reactions during pyrolysis, lowering the 
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yield of condensable vapors. Even very low concentrations of Na (0.1 wt% of biomass) have 
been shown to significantly influence pyrolysis product distribution, favoring the formation of 
lower molecular weight products.[49] The observed change in selectivity is attributed to Na 
promoting the homolytic cleavage of C-C bonds in the pyranose ring.[50] This C-C scission 
competes with the cleavage of glycosidic linkages responsible for the production of 
levoglucosan, an abundant product in the uncatalyzed fast pyrolysis of cellulose. The addition 
of a ZSM-5 catalyst to the pyrolysis of Na-infused (2 wt%) pine wood resulted in a coke and 
char yield of 51.3 % compared to 40.2 % for the zeolite only run.[49] This solid yield is very 
similar to the 50.5 % coke and char yield obtained for Na-ZSM-5 in our experiments. Similarly, 
an increase in water, char, and gases are observed for NaY-catalyzed fast pyrolysis of biomass 
relative to tests performed with HY and HZSM-5.[51] The previously reported preference of 
Na+ and Na-containing zeolite structures toward cracking and low molecular weight products 
is well aligned with our results for pre-adsorbed Na-ZSM-5. Our results therefore reveal that 
weaker acid sites actively contribute to coking, deoxygenation, and aromatization reactions but 
are less efficient in the aromatization reaction compared to the strong Brønsted acid sites 
available in protonated zeolite.   
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Table 2. Product distribution for the ZSM-5 catalyzed fast pyrolysis using various zeolite structures 
  HZSM-5 (SAR=23)a 
HZSM-5 
(SAR=50) Silicalite Na-ZSM-5 
Hierarchical 
HZSM-5 
HZSM-5 
(Benzene Ads)b 
Solid Products   
Yield  51.8 ± 0.4 41.0 ± 1.8 28.4 ± 0.0 50.5 ± 1.8 27.7 ± 1.2 11.9 ± 0.1 
    
Gaseous Products   
Yield  8.0 ± 1.4 13.3 ± 7.3 4.0 ± 0.5 24.3 ± 2.1 11.3 ± 1.8 22.7 ± 2.5 
    
CO 1.2 ± 0.1 1.2 ± 0.4 0.1 ± 0.1 1.5 ± 0.1 1.2 ± 0.2 0.0 ± 0.0 
CO2 1.2 ± 0.3 0.4 ± 0.2 0.6 ± 0.1 1.3 ± 0.0 1.5 ± 0.0 0.0 ± 0.0 
Ethylene 1.3 ± 0.3 4.9 ± 1.6 0.1 ± 0.0 2.4 ± 0.1 2.1 ± 0.4 6.2 ± 0.2 
Propylene 2.9 ± 0.6 5.0 ± 2.6 0.8 ± 0.2 16.4 ± 1.4 3.9 ± 0.5 12.1 ± 1.4 
Butylene 1.4 ± 0.1 1.8 ± 2.5 2.4 ± 0.1 2.7 ± 0.5 2.6 ± 0.7 4.5 ± 0.9 
    
Liquid Products   
Yield 27.6 ± 1.7 30.0 ± 1.6 46.5 ± 0.5 19.5 ± 0.0 31.0 ± 0.3 26.3 ± 1.8 
    
Selectivity   
Benzene 7.7 ± 0.7 6.9 ± 0.1 0.0 ± 0.0 0.0 ± 0.0 1.8 ± 0.5 44.7 ± 2.0 
Toluene 3.0 ± 0.5 2.6 ± 0.8 0.0 ± 0.0 17.4 ± 0.3 1.6 ± 0.3 28.2 ± 0.9 
Xylene 0.9 ± 0.2 0.7 ± 1.0 0.0 ± 0.0 14.7 ± 0.5 0.0 ± 0.0 17.5 ± 0.9 
Alkyl Benzene 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 12.4 ± 0.5 0.0 ± 0.0 2.5 ± 0.1 
Indenes 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
Napthalenes 9.1 ± 3.2 15.0 ± 4.4 0.0 ± 0.0 9.0 ± 0.8 2.2 ± 1.3 7.1 ± 0.3 
Anthracenes 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
Linear Alkanes/Alkenes 0.0 ± 0.0 0.0 ± 0.0 2.9 ± 0.0 13.9 ± 0.3 4.7 ± 1.0 0.0 ± 0.0 
Phenols 79.3 ± 4.6 85.3 ± 4.6 97.1 ± 0.0 32.6 ± 0.4 89.7 ± 3.2 0.0 ± 0.0 
       
Carbon Balance 87.4 84.3 78.9 94.3 70.0 60.9 
aZSM-5 sample with phenol adsorbed using a 1:1 weight ratio. “SAR” denotes silica-to-alumina ratio (SiO2/Al2O3) 
bBenzene adsorbed on HZSM-5 with SiO2/Al2O3 = 23 
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Figure 2. Product distribution for ZSM-5 catalyzed fast pyrolysis of phenol using catalysts of 
varying acid site strength and density (“SAR” denotes silica-to-alumina ratio (SiO2/Al2O3),  
phenol,  condensable products,  olefins,  CO and CO2,  coke and char) 
To complete this study, we also investigated silicalite, the Al-free analog of ZSM-5. 
As Lewis and strong Brønsted acid sites are associated with Al species, silicalite only presents 
the weakly acidic silanols and the micropore network characteristic of the MFI framework 
(Fig. S3). The pyrolysis of pre-adsorbed silicalite resulted in 28.4% solid product. Previous 
research on the CFP of phenol reported 12.4% char formation using the same equipment at 600 
°C.[52] Therefore, a majority of solid product must be coke and can be predominantly 
attributed to phenol degradation during diffusion through the silicalite’s micropores. While the 
decrease in coke formation is significant compared to H-ZSM-5, it should be noted that only 
45.2% of the pre-adsorbed phenol molecules remained intact. Hence, phenol degrades at a 
significantly faster rate when confined in micropores. Few products were detected though, 
demonstrating acid sites stronger than silanol are required for the selective cracking and 
deoygenation of phenol to aromatic hydrocarbons.  
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While the mechanism of coke formation is reaction dependent, previous research into 
structure-activity correlations for other reactions can hint to the role of acid sites in CFP. 
Guisnet et al described the role of acid site strength and acid site density in coke formation.[53] 
The authors proposed stronger acid sites increase reaction rates and, consequently, coking rate 
whereas more acid sites along a diffusion path facilitate successive reactions favoring 
condensation and ultimately coking. Devaraj et al used atom probe tomography (APT) and 
27Al nuclear magnetic resonance (27Al NMR) to perform a 3D quantitative analysis.[3] Coking 
following ethanol conversion at 350 °C was found to occur in Al-rich regions by APT while 
27Al NMR demonstrated ZSM-5’s Brønsted acid protons chemically interact with carbon from 
coke in spent catalysts suggesting coking occurs at the zeolite’s strong acid sites. However, the 
significant loss of carbon to solid product over Na-ZSM-5 and silicalite suggests weaker acid 
sites and the microporous structure are responsible for a notable fraction of carbon deposition 
during CFP.   
In addition to phenol, benzene, an abundant CFP product was pre-adsorbed and 
pyrolyzed (Fig. 3). An 11.9% solid yield was observed, the lowest of any reaction. This result 
suggests it is the diffusion of the reactant (here phenol) in the micropore that is responsible for 
most coke formation. It is interesting to note that only 11.8% of the product was benzene. The 
observed gaseous and alkyl benzenes products demonstrate aromatic products formed during 
CFP can further react while diffusing out of the zeolite crystals.  
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Figure 3. Product distribution for ZSM-5 catalyzed fast pyrolysis of phenol using catalysts of 
varying acid site strength and density (“SAR” denotes silica-to-alumina ratio (SiO2/Al2O3),  
phenol,  condensable products,  olefins,  CO and CO2,  coke and char) 
Molecular-surface interactions 
With such differences observed between phenol and benzene in adsorption and coking 
on ZSM-5, it is interesting to take a look at how molecular surface interactions can contribute 
to the formation of coke. The ability of a molecule to adsorb on a surface is determined by its 
sticking coefficient. Sticking coefficients can differ by orders of magnitude depending on the 
compound’s molecular structure and the surface chemistry of the support. The coefficient for 
n-butane in silicalite approaches 1 while benzene, toluene, and xylene have been observed to 
be several orders of magnitude lower on ZSM-5.[54, 55] Interestingly, i-butane was identified 
to display minimal to no surface barriers for diffusion into silicalite suggesting an important 
role played by adsorption in observed limitations.[56] This translates well to catalysis where 
butane produces minimal coke whereas aromatics are reported to be precursors to carbon 
deposition.[57] The ease by which phenol adsorbs on ZSM-5 would therefore suggest surface 
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barriers are not the limiting factor in coking with this species. Instead, it is likely micropore 
diffusion and phenol’s strong adsorption that are responsible for this undesired side product, a 
finding in agreement with our Biot number calculation.  
Diffusion in hierarchical ZSM-5 crystals 
To further investigate the role of slow micropore diffusion on the formation of coke, 
we pre-adsorbed phenol onto a hierarchical ZSM-5  catalyst presenting both micropore and 
mesopore networks. This sample presented a 27.7% solid yield, the lowest of any phenol 
reaction. This sample also provided a 3.3% increase in gaseous products. However, the 
sacrifice of microporosity for improved diffusion resulted in a low 3.2% non-phenolic aromatic 
yield. These trends are similar to those observed for mesoporous zeolites in the conversion of 
methanol to aromatics where mesoporous zeolites have been shown to suppress the 
aromatization cycle and instead favor the production of olefins.[30] The authors attributed this 
change in selectivity to alterations to the ZSM-5 Brønsted acidity.  Alternatively, other 
researchers have proposed there exists a tradeoff of improved diffusion and the shape selective 
micropores necessary for the formation of aromatics.[23] This is supported by the work of 
Guisnet et al who argue that a sufficient number of acid sites must be present along a path of 
diffusion.[53]  
The benefit observed for this hierarchical zeolite while other mesoporous ZSM-5 
samples present an increased coke formation is likely attributed to the external accessibility of 
the pore structure. Previous research on mesoporous ZSM-5 for this reaction focused on 
desilicated ZSM-5 or mesoporous nanocrystal assemblies.[16, 58] Both structures rely on 
mesovoids requiring diffusion first through ZSM-5’s micropores. Previous research comparing 
pore structures and the presence of cages in coking can allude to cause of deactivation in 
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mesovoids. In the conversion of methanol to hydrocarbons, zeolite materials with large pore 
intersections deactivate much more rapidly.[59] Larger cavities allowed for the formation of 
heavier molecules which diffuse slowly or are too bulky to diffuse out of the zeolite, hindering 
diffusion of smaller reactants and products.[60] A similar interpretation can be used here where 
the mesopores promoted the formation of large products but, because these pores did not have 
access to the external surface, the larger species likely condensed as coke. Therefore, 
mesoporous structures may be beneficial for this reaction but require an externally accessible 
pore structure.  
4.3.3 Zero-length chromatography 
A separate experimental approach to identifying diffusion limitations is to assume a 
cause, derive the corresponding boundary conditions, and fit equations to experimental data. 
Models with varying assumptions have been derived to describe surface barriers over various 
catalysts and catalyst supports. Ruthven and Brandani derived a fundamental, yet widely used 
model assuming spherical particles with three dimensional pore structures for analysis of zero-
length chromatography (ZLC) desorption curves.[61] In this experiment, porous structures are 
adsorbed with a model compound, placed under inert flow, and the desorption curves recorded. 
Similarly, we performed our experiments by pre-adsorbing model compounds, desorbing using 
an inert carrier gas, and recording the kinetic trace. More information on our procedure and 
experimental setup can be found in the experimental section.  
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Model derivation 
The obtained desorption curves can then be exploited through curve fitting.  At its base, 
the model can be summarized by the following governing equation:  
݀ݍ
݀ݐ ൌ ܦ௣ ቆ
߲ଶݍ
߲ݎଶ ൅
2
ݎ ⋅
߲ݍ
߲ݎቇ 
Using a balance of fluxes between the surface and bulk concentration as a boundary 
condition, Crank produced an analytical solution that can be expressed in terms of the effluent 
concentration:[62]  
ܥ
ܥ௢ ൌ 2ܮ෍
exp	൬െߚ௡ଶ ܦ௣ܴଶ ݐ൰
ߚ௡ଶ ൅ ܮሺܮ െ 1ሻ  
 
Which can be approximated as:[44]  
ln	൬ ܥܥ௢൰ ൎ 	݈݊ ቆ
2ܮ
ߚ௡ଶ ൅ ܮሺܮ െ 1ሻቇ െ ߚ௡
ଶ ܦ
ܴଶ ݐ 
Where ߚ௡ is given by the roots of the auxiliary equation:  
ߚ௡ cotሺߚ௡ሻ ൅ ܮ െ 1 ൌ 0 
Here, the slope and intercept of the semilogarithmic plot of C/Co versus t are given by:  
ݏ݈݋݌݁ ൌ െߚ௡ଶ ܦܴଶ ݐ 
݅݊ݐ݁ݎܿ݁݌ݐ ൌ 2ܮߚ௡ଶ ൅ ܮሺܮ െ 1ሻ 
Therefore, with the slope and intercept of a single response curve, the simultaneous 
solution of the equations for the slope, intercept, and ߚ௡ can be used to calculate the apparent 
diffusivity.  
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Method constraints 
The constraints for the applicability of ZLC and derived equations were described by 
Eic et al.[44] The following three conditions must be fulfilled:  
(i) To obtain kinetic information, the washout time should be sufficiently fast such 
that the  bulk gas is not in equilibrium with the surface. This constraint can be represented as 
KDp/R < 103. Approximating the most unfavorable conditions (T = 200 °C, R = 1 x 10-5 cm, 
K = 105, Dp = 1 x 10-9 cm2/s) gives KDp/R = 10. Therefore, all experiments are under kinetic 
diffusion control.  
(ii) The second condition requires that internal diffusion dominates over external 
film transport. Our calculation of the mass transfer Biot number demonstrates we meet this 
criteria under even the most conservative conditions.  
(iii) The third condition requires the desorption rate to be sufficiently slow such that 
it may be macroscopically measured. The authors recommended Dp/R2 < 0.01 s-1, limiting the 
application of this method to large crystals. However, Teixeira et al. have demonstrated the 
validity of ZLC for diffusion path lengths much smaller than those in our study.[35]  
Method validation 
Next, we confirmed the validity of our approach through a comparison of our results to 
diffusion coefficients reported in the literature (Table 3). Previously reported values can vary 
by several orders of magnitude for the same structure and experimental technique. The 
apparent diffusivities calculated for our system (ca. 10-13) are well within the expected range 
(ca. 10-18 – 10-12), thus validating our experimental setup and data analysis.  
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Table 3. Diffusion coefficients for MFI obtained by ZLC in our study and in literature. 
 This Study Teixeira  
(3 µm)[35] 
Teixeira  
(80 nm)[35] 
Duncan[63] 
Temperature (°C) 200 200 200 200 
Probe Molecule Benzene Cyclohexane Cyclohexane Cyclohexane 
Dapp (m2/s) 3.1 x 10-13 2.0 x 10-15 4.0 x 10-18 2.9 x 10-14 
 
 Chon[64] Guimaraes[65] Zhu[66] Voogd[67] 
Temperature (°C) 104 30 30 200 
Probe Molecule Cyclohexane n-Hexane iso-Butane n-Hexane 
Dapp (m2/s) 4.8 x 10-17 5.6 x 10-13 5.6 x 10-12 5.3 x 10-12 
 
Intracrystalline diffusion of phenol 
With the experimental system validated, we can use our modified ZLC experiment to 
investigate the phenol/ZSM-5 absorbent-absorbate interaction (Table 4, Fig. 4). The calculated 
apparent diffusivities for phenol in commercial and mesoporous zeolites at 200 °C were 2.7 x 
10-13 and 2.8 x 10-14 m2/s, respectively. Using the Arrhenius relationship for diffusion, apparent 
diffusivities at the reaction temperature (500 °C) can be obtained, giving 2.5 x 10-12 m2/s for 
the commercial sample and 2.3 x 10-13 m2/s for the mesoporous zeolite. An activation energy 
of 21.5 J/mol, or a value intermediate of the activation energy required for diffusion of benzene 
and ethylbenzene, was used for this calculation.[41] The apparent diffusivities at 500 °C can 
then be used to improve our Bim estimation. The new mass transfer Biot numbers for the 
commercial and mesoporous samples were 3.2 x 1010 and 3.1 x 1011, respectively, further 
supporting our conclusion that a complete utilization of the MFI framework would result in a 
micropore diffusion limited system. It is interesting to note the difference in apparent 
diffusivities for the two structures. Diffusion through the MFI framework is known to follow 
an Arrhenius-like relationship.[41] Because all investigated catalysts have the same 
framework, the activation energy required for diffusion should be constant for all particle 
sizes.[35] Therefore, the observed variance in apparent diffusivities must be due to different 
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pre-exponential constants. This constant can be directly calculated but is only a function of 
adsorbent-adsorbate interaction parameters.[68] Therefore the observed variance indicates the 
presence of a second diffusion limitation. Previous research has attributed this difference to 
surface barriers when dealing with nanostructured zeolites.[35, 69] Alternatively, recent work 
challenges this hypothesis by proposing mesopores do not play a role in diffusion at lower 
temperatures and diffusion instead follows a more tortuous pathway leading to a reduction in 
the apparent diffusivity.[70] The authors relied on a defect free system, free of blocked pores 
and surface debris, to model diffusion in their calculations. The unexpected transport behavior 
was attributed to the large free energy cost for compounds to escape into the mesopores. 
Similarly, hierarchical materials have been investigated by ZLC and found to have unusually 
long diffusion path lengths.[71] Low apparent diffusivities were attributed to surface diffusion 
and the re-entering of diffusion molecules back into the microporous bulk. These explanations 
support the observed decrease in diffusivity at 200 °C but increase in activity at 500 °C.  
Table 4. Diffusion coefficients and corresponding mass transfer Biot numbers for phenol in 
ZSM-5 
 Dapp, T = 200 °C (m2/s)a Dapp, T = 500 °C (m2/s)b Bimc 
Phenol/ZSM-5 Ads 2.7 x 10-13 2.5 x 10-12 3.2 x 1010 
Phenol/MesoZSM-5 Ads 2.8 x 10-14 2.3 x 10-13 3.1 x 1011 
aObtained by our modified ZLC method 
bCalculated using Arrhenius relationship for diffusion with an activation energy intermediate 
of benzene and ethylbenzene 
cCalculated using an intermediate Reynolds number of 10000 
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Figure 4. Experimental data and linear model fits for desorption at 200 °C. Every 3rd point 
shown for clarity. 
Application to catalytic fast pyrolysis 
To clarify the cause of our observed additional diffusion limitation, modified ZLC 
experiments were carried out at 500 °C. Full mesopore utilization should be achieved at this 
temperature.[70] We obtained the same trend at high temperatures (Fig. S4, S5) suggesting it 
is indeed surface barriers that hinder our system. The clear presence of surface barriers together 
with the 24.1% decrease in coke formation over the mesoporous samples suggests the external 
diffusion limitation is an unlikely dominating cause of coking.  
In our previous work, we identified a strong correlation between crystallinity and 
aromatic yield.[16] As a result, we synthesized highly crystalline ZSM-5 for the CFP of 
biomass which produced the highest reported yield to date. While this increase in liquid 
product was hypothetically attributed to a decrease in surface barriers and amorphous surface 
species, the results presented here suggests another parameter is likely responsible. In the 
present study, diffusion through the micropores appears to be the dominating contribution to 
the formation of coke. Therefore, the increase in aromatic yield for the highly crystalline 
126 
 
 
 
 
sample could instead be due to a decrease of bulk defects. These species would further inhibit 
the already slow intra-crystalline diffusion. To test this hypothesis, the same highly crystalline 
sample was synthesized according to the previously reported method and pre-adsorbed with 
phenol at a 10:1 catalyst-to-phenol ratio.[16] A vast majority of Al and Si in this zeolite were 
show to be in the desired framework orientation, demonstrating a minimal presence of 
structural defects. Additionally, TEM and SEAD measurements have shown long range order 
and few crystal boundaries. However, this high degree of crystallinity comes at the expense of 
very large crystals containing a well-aligned network of micropores extending over hundreds 
of nanometers. Despite an average crystal diameter approximately twice that of the commercial 
catalyst, coke formation was limited to 45.3 % over the highly crystalline zeolite compared to 
51.8 % for the commercial sample (Table S2). While these long diffusion paths may result in 
slow transport, the highly crystalline sample demonstrates that bulk defects present a strong 
influence on the deposition of carbon.  
4.4 Conclusion 
Pre-reaction adsorption of phenol as a biomass model compound and diffusion 
measurements were used to study the role of micropore diffusion and external boundary mass 
transfer limitations in coke formation during catalytic fast pyrolysis. A complete utilization of 
the bulk microporous structure by pre-adsorbing reactants prior to fast pyrolysis resulted in a 
15.9% increase in solid products for commercially available ZSM-5 zeolites. Conversely, a 
pre-adsorbed mesoporous structure displayed a 27.7% coke and char yield compared to 51.8% 
for the conventional catalyst despite the presence of surface barriers as determined by a 
modified zero length chromatography technique. The results demonstrate that micropore 
diffusion is the dominating contribution to this undesired side reaction while external 
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limitations play a negligible role. Additionally, to clarify previous research on highly 
crystalline zeolites, ZSM-5 containing minimal defects was pre-adsorbed with phenol prior to 
fast pyrolysis. The presence of defects along the micropore diffusion path were identified to 
further promote coking. The data presented here provides clear evidence for the zeolite 
structural parameters responsible for the deposition of carbon and sets the stage for future 
tailoring of ZSM-5 to this reaction.  
4.5 Nomenclature  
C = Concentration in the gas phase 
D = Mass diffusivity 
Dapp = Apparent diffusivity in the catalyst particle 
Dp = Effective diffusivity in the catalyst particle 
K = Henry’s law adsorption constant 
kG = Film mass transfer coefficient 
L = Ratio of diffusional time to washout time 
LP = Characteristic length of catalyst particle 
q = Surface concentration 
r = Radial coordinate  
R = Diffusion length scale 
t = Time  
T = Temperature 
ߚ௡ = Root of auxiliary equation τ = Transport time constant  
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4.8 Supplementary Information  
 
 
 
 
 
 
Figure S1: FID response for the fast pyrolysis of phenol at 500 °C. No decomposition products 
were observed in the absence of a catalyst.  
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Figure S2. NH3-TPD plots of synthesized silicalite and Na-ZSM-5 zeolites. The TPD curves 
confirm that strong Brønsted acid sites can be suppressed by ion-exchange with an alternative 
cation, here sodium. This well-established technique leaves the structure intact while 
presenting only the weak (115 °C) and medium (205 °C) acid sites. The increase and shift of 
the contribution at 205 °C is consistent with previous reports.[1] Alternatively, silicalite 
presents the same MFI framework type (Fig. S3) but does not contain any of the aluminum 
necessary for ZSM-5’s medium or strong acid sites. Therefore, silicalite contains only the weak 
silanols as confirmed by NH3-TPD. 
 
Figure S3. XRD patterns obtained for silicalite and commercial HZSM-5 (CBV2314). XRD 
only displays peaks characteristic of the desired MFI framework type for the synthesized 
silicalite material.  
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Figure S4. Desorption curves obtained at 200 °C for benzene and phenol in ZSM-5 (left) 
scaled to the first 75 s (right). These curves were record for commercial zeolite (CBV2314) 
and lab synthesized ZSM-5. 
 
 
Figure S5. Desorption curves obtained at 500 °C for benzene and phenol in ZSM-5.  
  
135 
 
 
 
 
 
Table S1. Carbon loading (wt %) determined by CHN analysis prior to CFP experiments. 
 Wt% Carbon 
Mixed Samplesa  
     Cellulose 2.28 
     Organosolv Lignin 3.38 
     Plantrose Lignin 3.54 
     Phenol 3.38   
Adsorption  
     Phenol/ZSM-5 (SAR = 23, Ads Ratio 10:1) 0.73 
     Phenol/ZSM-5 (SAR = 23, Ads Ratio 1:1) 1.59 
     Phenol/ZSM-5 (SAR = 50) 1.95 
     Phenol/Silicalite 2.14 
     Phenol/NaForm ZSM-5 0.97 
     Phenol/Mesoporous ZSM-5 1.72 
     Benzene/ZSM-5 0.79 
     aSamples of ZSM-5 (SAR = 23) and reactant in a catalyst-to-reactant ratio of 20:1 
The carbon loading for all pyrolyzed samples is presented in Table S1. Mixed samples were 
prepared with a catalyst-to-biomass ratio of 20:1 as higher ratios presented too high a standard 
deviation of carbon loading. Because in-situ pyrolysis experiments performed with catalyst-
to-biomass ratios greater than 19:1 result in similar product distributions, a 20:1 mixture (ca. 
3wt% C) is sufficient for comparison to adsorbed samples (ca. 1.5 wt% C).[2] Samples with 
phenol pre-adsorbed were prepared using a 10:1 catalyst-to-phenol ratio in water. The ZSM-5 
with a SiO2/Al2O3 of 23 and the Na-form ZSM-5 sample were also adsorbed using a 1:1 ratio 
due to the low loading obtained for the 10:1 procedure. Too low a loading made product 
quantification by FID and TCD difficult and resulted in a low overall carbon balance.  
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Table S2. Product distribution for the catalytic fast pyrolysis of phenol pre-adsorbed on a 
highly crystalline HZSM-5.  
  
Highly Crystalline ZSM-5/Phenol 
(10:1 Ads)  
Solid Products 
Yield  45.3 ± 1.7 
 
Gaseous Products 
Yield  21.1 ± 2.4 
 
CO 4.0 ± 0.4 
CO2 2.3 ± 0.6 
Ethylene 4.1 ± 0.1 
Propylene 9.7 ± 0.0 
Butylene   0.9 ± 1.3 
 
Liquid Products 
Yield 20.7 ± 1.9 
 
Selectivity 
Benzene 3.0 ± 0.1 
Toluene 1.0 ± 0.2 
Xylene 10.0 ± 0.8 
Alkyl Benzene 15.2 ± 1.0 
Indenes 0.0 ± 0.0 
Napthalenes 5.2 ± 0.2 
Anthracenes 0.0 ± 0.0 
Linear Alkanes/Alkenes 8.1 ± 0.9 
Phenols 57.4 ± 8.1 
 
Carbon Balance 87.1 
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CHAPTER 5: THERMAL STABILITY OF ALUMINUM-RICH ZSM-5 
ZEOLITES AND CONSEQUENCES ON AROMATIZATION 
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Abstract 
The thermal stability and unique shape selectivity of the ZSM-5 structure has made this 
zeolite a popular choice for gas phase petrochemical and biorenewable conversions. However, 
with processes such as catalytic fast pyrolysis and methane aromatization being studied at 
temperatures between 500 and 800 °C, it is imperative to better understand the dynamic 
changes that may occur under these conditions. Here, we study the chemistry of high aluminum 
content commercial ZSM-5 zeolites in the high temperature regime. Our results suggest these 
catalysts thermally degrade within hours above 600 °C, emphasizing the importance of 
operating conditions on long-term catalyst performance. Detailed characterization of the 
thermally treated zeolites indicates that they retained the desired MFI crystallographic structure 
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but displayed significant changes in Brønsted and Lewis acid site densities due to extensive 
dealumination. Depending on temperature, up to 50% of the aluminum initially present in the 
zeolite structure was lost to form extra-framework species that restrict the diffusion of reactants 
and products inside the catalyst particles. These alterations led to a 70% drop in performance 
for the catalyzed fast pyrolysis of cellulose. Low aluminum content ZSM-5 zeolites were more 
stable, suggesting a compromise must be found between reaction temperature and catalyst 
features to achieve high activity and long-term stability.  
5.1 Introduction 
Synthetic zeolites are widespread in the petroleum industry, a sector that has spent 
significant efforts to develop these catalysts for the production of transportation fuels and 
chemicals.[1] At only 8.2 kJ/mol less stable than quartz, the MFI zeolite framework type is 
one of the most robust open silica structures due to the absence of Si-O-Si bond angles less 
than 140°.[2] This high stability enabled the implementation of MFI-type zeolites, specifically 
ZSM-5, in high temperature processes, such as methane dehydroaromatization (MDA) to 
benzene, toluene, and xylene (BTX), a reaction that is gaining increasing attention for the 
conversion of shale gas to liquid products.[3-11] New high temperature applications for ZSM-
5 also continue to emerge, especially in biomass processing, due to a growing need to 
supplement or replace petroleum derived chemicals.[12] For example, ZSM-5 was 
demonstrated to be the most effective zeolite catalyst for the fast pyrolysis of cellulosic and 
algal biomass to phenolics and aromatic hydrocarbons.[13-15] Interestingly, while much 
research has been performed on the stability of ZSM-5 above 1000 °C, the changes that occur 
at temperatures relevant for these catalytic processes, between 500 and 800 °C, have not been 
thoroughly investigated.[16] 
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Various changes occur to the MFI structure with increasing temperatures. In the low 
temperature regime, between ca. 50 and 100 °C, all synthetic MFI zeolites exhibit a reversible 
monoclinic to orthorhombic phase transition.[17, 18] The temperature at which this transition 
occurs depends on elemental composition, defect density, and the nature and amount of 
adsorbed compounds.[17, 18] Small changes in the siloxane bond angles and distances are 
associated with this process. As a result, the MFI structure was observed to display continuous 
negative volume expansion resulting in a slight volume reduction with increasing temperatures 
between 100 and 300 °C.[18] However, lattice strains at these temperatures are not large 
enough to cause permanent structural damage and all changes are reversible through cooling. 
In contrast, very high temperatures, between 1000 and 1200 °C, trigger the progressive 
decomposition of ZSM-5 to yield amorphous silica-alumina.[19] Decomposition was shown 
to occur in two stages.[19] First, framework Al atoms leave their tetrahedral coordination sites 
in the MFI structure through dehydroxylation. The resulting defect sites then diffuse and 
combine, causing a collapse of the crystal structure. Here, diffusion of defect sites was 
proposed to be the rate limiting step.  
Changes that occur at intermediate temperatures, between 300 and 1000 °C, have been 
investigated less systematically. They are typically overlooked due to the relatively high 
calcination temperature (500-550 °C) required during zeolite synthesis and because catalyst 
deactivation is often dominated by other effects, specifically coke deposition and 
dealumination through steaming. However, structural changes may occur, especially between 
600 and 800 °C, which are conditions particularly relevant for biomass catalytic fast pyrolysis 
(CFP), methane aromatization, and catalyst regeneration through coke combustion.[20-22] In 
addition, aluminum content, sodium impurities, and moisture levels as low as ambient 
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humidity have all been shown to drastically decrease the thermal stability of ZSM-5 
catalysts.[19] Therefore, moisture and sodium ions that are particularly prevalent in biomass 
are factors to consider in the high temperature processing of this feedstock.[23-25] 
The literature on ZSM-5 stability in the 600-800 °C regime is inconsistent.[16, 19, 26-
30] Crystallographic alterations have been observed by X-ray diffraction (XRD) for 
temperatures as low as 500 °C while other researchers have shown the framework only 
collapses above 1200 °C and does not undergo any structural rearrangement at lower 
temperatures.[26-29] In addition to XRD, many conclusions are also based on 
thermogravimetric analysis and infrared spectroscopy on Si-O vibrations.[19, 26] These 
techniques do not grasp all the changes that may occur to aluminum and, consequently, to 
ZSM-5’s strong Brønsted acid sites. 27Al solid state nuclear magnetic resonance (SSNMR) 
combined with infrared spectroscopy studies of the zeolite framework and of adsorbed probe 
molecules revealed a up to 35 % loss of lattice Al and Brønsted acid sites after treatment with 
dry N2 at 725 °C.[16] Furthermore, subtle yet important structural changes have been reported 
in seemingly less related studies. For example, permanent sinusoidal pore distortions have been 
reported following regenerative heat treatments at temperatures as low as 350 °C.[31] Such 
findings could have a large impact on shape selective or diffusion limited reactions. These 
discrepancies also reveal the critical need for more in-depth investigations on thermal 
alterations which may affect the ZSM-5 structure and obscure structure-activity correlations 
for reactions performed above 550 °C. 
In this work, we studied in great detail the thermal stability of commercial ZSM-5 
zeolites at 550–900 °C by combining quantitative XRD, nitrogen physisorption, NH3-
temperature programmed desorption (NH3-TPD), pyridine chemisorption, scanning electron 
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microscopy (SEM), elemental analysis, 27Al and 29Si SSNMR. Our results provide new insights 
into ZSM-5’s structural and chemical stability at temperatures relevant for catalytic 
aromatization reactions and, as an example, on its performance for the fast pyrolysis of 
cellulose to renewable aromatic hydrocarbons. 
5.2 Materials and methods 
Commercial ZSM-5 zeolites were provided by Clariant (HCZP27, SiO2/Al2O3=27) and 
Zeolyst International (CBV2314, SiO2/Al2O3=23; CBV3024, SiO2/Al2O3=30; CBV5524, 
SiO2/Al2O3=50; CBV8024, SiO2/Al2O3=80). Thermal treatments were performed in a muffle 
or Lindberg tube furnace under static air (50% humidity at 24 °C, 11.2 Torr H2O) or dry 
nitrogen (Airgas, < 3 ppm H2O) for 10 h at 600, 700, 800, or 900 °C using a 5 °C/min 
temperature ramp. 
Powder X-ray diffraction patterns were collected on a Siemens D 500 diffractometer 
using Cu Kα radiation. Data was recorded in the 2θ range 5 – 50° using a step size of 0.05° 
and a dwell time of 3 s per step. All data was analyzed using Jade software version 9.5. Test 
specimens were prepared with 40% internal standard by mass (high purity corundum, Alpha 
Aesar, verified using NIST 674b standards zincite, rutile and cerianite). XRD analyses were 
performed by placing 0.20 ± 0.03 g of powder into the cavity of a zero-background holder 
(MTI Corporation zero diffraction plate, size 20 mm diameter by 1 mm deep). Relative 
crystallinity was calculated by summing the peak maxima for each sample at the characteristic 
peaks 2Ɵ = ~23.08, 23.88, and 24.36°. Intensities are reported relative to the commercial 
sample (CBV2314) which was assigned a crystallinity of 100%. 
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Scanning electron microscopy (SEM) images were acquired with a FEI Quanta 250 
equipped with a field emission gun (FEG) and operated at 10 kV. The samples were coated 
with 2 nm of iridium for conductivity. Elemental analysis was performed with an Oxford 
Instruments Aztec™ energy-dispersive spectrometer (EDS) system equipped with an X-Max 
80 detector. EDS spectra were typically recorded at 15 kV, corresponding to a beam 
penetration depth of about 2 μm. 
N2 adsorption/desorption isotherms and N2 uptake were obtained with a Micromeritics 
ASAP 2020 at 77 K. Zeolite powder (50 – 60 mg) was first degassed for 12 h under vacuum 
at 200 °C (heating ramp: 5 °C/min). The specific surface area was calculated using the 
Brunauer-Emmett-Teller (BET) method. The Barret-Joyner-Halenda (BJH) model with Faas 
correction was applied to the adsorption branch of the isotherm to calculate the pore size 
distribution and the t-plot method was used to discriminate between micro- and mesoporosity. 
The N2 rate of adsorption experiments were performed by dosing 5 cm3/g of N2 to a sample 
under vacuum (10 µmHg). 
NH3 temperature-programmed desorption (NH3-TPD) was performed with a 
Micromeritics Autochem II 2920. Zeolite powder (50 mg) was pre-treated at 550 °C (heating 
ramp: 10 °C/min) in 10 ml/min He (Airgas, UHP helium, < 1 ppm H2O) for 1 h to desorb any 
moisture. The sample was then cooled to 50 °C and ammonia was adsorbed for 30 min using 
20 ml/min of 10 vol% NH3 in He. The sample was then purged under flowing He for 30 min. 
NH3 desorption was recorded by heating the zeolite to 700 °C using a 10 °C/min ramp. Curves 
were normalized using sample mass. Peak areas were determined using a Gauss analysis in 
OriginPro 9.1 software. 
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The solid state nuclear magnetic resonance (SSNMR) measurements were performed 
on a Bruker Avance II spectrometer with a 14.1 T wide-bore magnet using a 4 mm triple 
resonance magic angle spinning (MAS) probe in double resonance mode. Topspin 3.0 software 
was used for data acquisition and processing. The operating frequencies for 1H, 27Al, and 29Si 
on this spectrometer are 600.13 MHz, 156.38 MHz, and 119.22 MHz, respectively. The 
samples were first hydrated in a humidifier for 48 h at ambient temperature. The powders were 
then packed into a kel-F rotor insert and the insert was placed in a 4 mm MAS rotor. Samples 
were spun at a frequency of 5 or 12 KHz for Al and 10 kHz for Si, with the slower Al speed 
required for some samples when spinning sidebands from the downfield peak interfered with 
the resonance of the upfield peak. The temperature was stabilized at 298 K. Al spectra were 
acquired using 90-t-180–t–detect Hahn echo pulse sequence with a 2.5 µs 90° 27Al pulse and 
an echo period of one rotor period (200 µs at 5 kHz spinning speed or 83 µs at 12 kHz 
spinning), under 1H dipolar decoupling at 62 kHz. Al spectra were typically acquired with 2048 
scans and a recycle delay of 1.5 s. Si spectra were acquired with a 5 µs 90° pulse on 29Si and 
100 µs at 10 kHz in the echo sequence, under 1H dipolar decoupling at 62.5 kHz. Si spectra 
were acquired with 1800 scans and a recycle delay of 30 s. Calibrations were performed for 
27Al with reference to 1 M Al(NO3)3 at 0 ppm and 29Si with reference to siloxane at -9.6 ppm. 
Characterization of pyridinated samples by Fourier transform infrared spectroscopy 
(FTIR) was performed on a Bruker Vertex 80 spectrometer with a Harrick Praying Mantis 
diffuse reflection (DRIFTS) attachment and analyzed using OPUS 7.0 software. Samples were 
first pyridinated for 48 h and then heated to 150 °C for 4 h to remove any physisorbed pyridine. 
Non-pyridinated samples were characterized using a Nicolet iS10 FTIR spectrometer. All 
samples were mixed with KBr (2% zeolite / KBr mixture), ground by mortar and pestle, and 
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sieved with a 45 µm sieve. Absorbance from 4000 – 1000 cm-1 was collected using 32 scans 
at a 4 cm-1 resolution. Intensities were normalized using framework overtones at 2010 cm-1. 
The Brønsted and Lewis acid site concentrations were calculated by normalizing powder 
results to pellet spectra reported in literature for the same commercial catalyst.[32] Molar 
extinction coefficients of 1.67 cm µmol-1 for Brønsted sites and 2.22 cm µmol-1 for Lewis sites 
were then applied.[33]  
Catalytic fast pyrolysis experiments were conducted in a micro-pyrolyzer (PY-2020iS, 
Frontier Laboratories, Japan) equipped with an auto-shot sampler (AS-1020E, Frontier 
Laboratories, Japan). The detailed description of the setup can be found in previous studies.[20, 
34] The zeolite catalyst was mixed directly with biomass in a catalyst-to-biomass weight ratio 
of 20. Approximately 5 mg of biomass/catalyst mixture were used in a typical experiment. 
Helium carrier gas was used to sweep the pyrolysis vapor into the GC (Varian CP3800). The 
vapor was separated in a GC capillary UA-1701 column. The GC oven was programmed for a 
3-minute hold at 40 °C followed by heating (10 °C/min) to 250 °C, after which temperature 
was held constant for 6 minutes. The injector temperature was 260 °C and the injector split 
ratio was set to 100:1. Separated pyrolysis vapors were analyzed either by a mass spectrometer 
detector (MSD) or a flame ionization detector (FID). The final product distribution was 
reported as molar carbon yield, defined as the molar ratio of carbon in a specific product to the 
carbon in the feedstock. Selectivity for aromatics in this study was defined as moles of carbon 
in a specific aromatic hydrocarbon to total moles of carbon in the aromatic products. 
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5.3 Results and discussion 
The unique size and shape selectivity of ZSM-5 for monocyclic aromatic hydrocarbons, 
in particular for BTX, has made it a popular choice for aromatization reactions.[13] In the case 
of both MDA and CFP, the highest BTX yields were obtained when reactions were performed 
at 600 – 700 °C in the presence of commercial ZSM-5 with high aluminum contents (Si/Al = 
11.5 – 15).[5, 35] These high temperatures are required to thermodynamically favor the 
formation of aromatics.[36] For CFP, fast heating rates on the order of 1000 °C/s are also 
required to favor biomass deconstruction over carbonization (char and coke formation).[37] 
We studied here separately and systematically the effects of high temperature and fast heating 
rates on the ZSM-5 structure in order to decouple these two parameters and identify the key 
factor(s) that govern long-term catalyst stability. 
5.3.1 High temperature effects on aluminum-rich ZSM-5 
To simulate the effect of temperature and decouple it from other forms of deactivation 
that may occur under reaction conditions such as coking and steaming, we first calcined 
commercial ZSM-5 (Zeolyst CBV2314, Si/Al = 11.5) at desired temperatures, ranging from 
550 to 900 °C, for 10 h using a slow heating rate of 5 °C/min. XRD revealed that the zeolite’s 
crystallographic structure was preserved even after calcination at 900 °C (Fig. 1). The addition 
of an internal standard for these measurements allowed the quantification of amorphous phases 
in the samples and for the accurate comparison of peak positions. A slight shift to higher angles 
was observed for the most intense reflections (Fig. 1b), which suggests a small decrease in the 
lattice spacing with increasing calcination temperature. The 2Ɵ  +0.1° shift of MFI’s 
characteristic peaks after calcination corresponds to a ca. 0.020 Å shortening in the Si-O-Si 
bond length. This decrease is well within the ZSM-5 contraction observed in the reversible 
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monoclinic to orthorhombic phase transition.[38] While a subtle peak shift has not been 
previously discussed, characteristic reflections in this region are sensitive to this phase 
transition suggesting its reversibility may be altered with increasing treatment temperature.[17] 
This change in reversibility is also associated with a drop in crystallinity as noted from the loss 
in peak intensity in Figure 1b. SEM and nitrogen physisorption further confirmed that neither 
the morphology nor the crystal size nor the porosity of the ZSM-5 changed significantly during 
calcination, in good agreement with previous reports (Fig. S1 and Table S1).[27] 
 
Figure 1. X-ray diffraction patterns obtained for ZSM-5 treated at 550, 600, 700, 800, and 
900 °C for 10 h (a). The 2Ɵ = 22.5 – 25.0° region shows a progressive shift to higher angles 
for peaks characteristic of the MFI structure (b). The loss in intensity corresponds to a decrease 
in relative crystallinity with increasing temperature. 
Although the MFI framework is preserved at high temperatures, NH3-TPD 
demonstrated that the acidity of aluminum-rich ZSM-5 dropped when increasing the 
calcination temperature from 600 to 900 °C (Fig. 2). This observation was not specific to the 
Zeolyst CBV2314 (Si/Al=11.5) zeolite as similar results were also obtained for the HCZP27 
(Si/Al=13.5) sample supplied by Clariant (Fig. S2). Ammonia is known to probe both Lewis 
and Brønsted acid sites indifferently. Therefore, the trends in Figure 2 reveal a sharp decrease 
a)  b)
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in the total number of acid sites. While not selective, NH3-TPD differentiates acid sites based 
on their strength depending on the desorption temperature. The high temperature peak (peak 
center at ca. 420 °C) corresponds to strong Brønsted acid sites associated with framework 
aluminum as shown by a direct correlation with N-propylamine decomposition.[39] These 
strong Brønsted acid sites dropped by 50% within 10 h at 700 °C and were completely lost 
after treatments between 800 and 900 °C. Clariant ZSM-5 (HCZP27) with a comparable silicon 
to aluminum ratio (Si/Al = 13.5) proved to be even less stable, losing most strong Brønsted 
acid sites at 550 °C (Fig. S2). Interestingly, the Zeolyst sample displayed an initial increase in 
the number of weak acid sites, characterized by a desorption temperature below 300 °C, after 
thermal treatment at 600 °C (Fig. 2). Its consequences on catalytic activity will be discussed 
below (vide infra).  
 
Figure 2. Temperature-programmed desorption curves obtained for commercial ZSM-5 
catalyst (Zeolyst CBV2314) calcined at varying calcination temperatures. 
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The samples were further characterized by FTIR using pyridine as a probe molecule to 
discriminate between Brønsted and Lewis acid sites (Fig. 3).[40, 41] Although this technique 
suffers some limitations and may not accurately measure all acid sites, pyridine-FTIR is a well-
established method to distinguish changes in Brønsted and Lewis acidity in zeolites. The band 
at ca. 1540 cm-1 corresponds to the adsorption of pyridine on Brønsted acid sites and is due to 
the C-C stretching vibration of the pyridinium ion. The ca. 1450 cm-1 band is characteristic of 
pyridine bound to Lewis acid sites. A third band at ca. 1490 cm-1 was attributed to pyridine 
interactions with both acid site types.[42, 43] As expected from NH3-TPD, the number of 
Brønsted acid sites dropped with increasing temperature (Table 1). The retention of Brønsted 
acidity for the 900 °C treated sample and, therefore, the apparent discrepancy between 
pyridine-FTIR and NH3-TPD can be easily explained. Extra-framework AlOH groups present 
a low desorption activation energy on the order of 90 kJ mol-1 as compared to 120 kJ mol-1 for 
pyridine adsorbed on Lewis sites. 
 
Figure 3. Fourier transform infrared spectra of pyridinated ZSM-5 after 10 h treatments at 550 
to 900 °C. The spectra were scaled on the 1570-1430 cm-1 region in order to emphasize the 
difference in peak intensities for pyridine adsorbed on Brønsted (1545 cm-1) and Lewis (1455 
cm-1) acid sites. The spectra were normalized based on the framework overtones at 2010 cm-1. 
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Table 1. Fourier transform infrared spectroscopy peak intensities and areas for Brønsted 
(1545 cm-1) and Lewis (1455 cm-1) acid contributions obtained for thermally treated samples. 
Calcination  
Temp. (°C) 
BAS Peak 
Intensity (abs.) 
LAS Peak 
Intensity (abs.) 
BAS Peak Area 
(abs. cm-1) 
LAS Peak Area  
(abs. cm-1) 
BAS Density 
(µmol g-1) 
LAS Density 
(µmol g-1) 
550 0.078 ± 0.004 0.027 ± 0.000 1.71 ± 0.04 0.43 ± 0.01 650 28 
600 0.061 ± 0.008 0.031 ± 0.004 1.16 ± 0.17 0.45 ± 0.07 441 29 
700 0.036 ± 0.004 0.029 ± 0.001 0.72 ± 0.06 0.42 ± 0.05 274 27 
800 0.021 ± 0.004 0.023 ± 0.001 0.49 ± 0.10 0.36 ± 0.05 186 23 
900 0.019 ± 0.003 0.018 ± 0.000 0.42 ± 0.07 0.25 ± 0.01 160 16 
 
Therefore, AlOH groups are too weak to appear in the strong Brønsted acid site region 
of the TPD curve but are strong enough to retain pyridine and generate a signal at 1540 cm-1 
in the FTIR spectra.[43] Figure 3 also reveals that Lewis acidity displayed an initial increase 
and subsequent drop with increasing treatment temperature in agreement with the trend 
observed by NH3-TPD. Therefore, information obtained from both techniques is fully 
consistent. 
Further characterization by FTIR was performed in order to extract additional 
information from hydroxyl vibrations. Because important hydroxyl peaks are suppressed in the 
presence of pyridine, the corresponding spectra were recorded for non-pyridinated samples 
(Fig. 4). Bands typical of (i) lattice termination silanol groups (ca. 3740 cm-1), (ii) extra-
framework AlOH groups (ca. 3680 cm-1), and (iii) framework bridging hydroxyl groups (ca. 
3600 – 3650 cm-1) displayed no discernable differences for any of the thermally treated 
samples (Fig. 4).[42, 43] These spectra are consistent with previous reports that stated FTIR 
of the hydroxyl regions fails to describe changes in –OH distribution resulting from 
dealumination.[44] Nevertheless, the spectra can still be used as a fingerprint to detect any 
critical change in the zeolite structure. A simple comparison of the peak positions and shapes 
reveal that while dealumination is extensive, the zeolite framework remains intact, in good 
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agreement with XRD results. The aluminum-rich ZSM-5 studied here contains about 3.7 wt% 
Al and, therefore, the extraction of these atoms has only a minimal impact on the MFI 
framework. This observation is consistent with previous studies that stated defect sites 
resulting from dealumination must diffuse and aggregate to cause the MFI structure to 
collapse.[19] 
 
Figure 4. FTIR spectra of zeolite samples treated at (a) 900, (b) 800, (c) 700, (d) 600, and (e) 
550 °C scaled to regions characteristic of (i) lattice termination silanol groups, (ii) extra-
framework AlOH groups, and (iii) framework bridging hydroxyl groups. 
The dealumination suggested by the chemisorption results was further confirmed by 
27Al SSNMR (Fig. 5). This technique revealed a decrease in tetrahedrally coordinated Al (peak 
at ca. 55 ppm) and an increase in both penta- (ca. 30 ppm) and octahedreally coordinated Al 
(ca. 0 ppm) as the treatment temperature was raised from 550 to 900 °C (Fig. 5, Table S2). 
While elemental analysis by EDS revealed all samples retained the Si/Al ratio of the parent 
zeolite, a summation of peak areas (excluding spinning side bands) found an increase in 
unaccounted for or “NMR invisible” Al with increasing treatment temperature (Table S2).[45-
48] This “invisible” Al resides in non-framework environments of low symmetry.[48] The 
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greater quadrupolar moment of these species results in a broadening of the NMR signal below 
the detection limit.[48] These findings support the observed decrease in Brønsted acidity as 
these acid sites are associated with tetrahedrally coordinated framework aluminum. NMR 
invisible Al is common for hydrothermally dealuminated zeolites.[16, 47] 
To further investigate the chemical changes that occur at high temperatures, 29Si 
SSNMR was performed on the thermally treated samples (Fig. 6, Table S3). All Si atoms are 
bound to 4 oxygen atoms with the most intense peak (ca. -113 ppm) assigned to the siloxane 
linkages (Si-O-Si, denoted Si(0Al)).[49-51] The broad shoulder from -100 to -110 ppm 
corresponds to Si bound to one and two Al atoms (denoted Si(1Al) and Si(2Al) respectively) 
with the Si bound to more Al species located at higher chemical shift.[49-51] From this 
analysis, we see an increase in Si(0Al) and decrease of each the Si(1Al) and Si(2Al) species 
with increasing treatment temperatures (Table S3). Because the Si/Al ratio calculated from 
elemental analysis remained constant for these samples, the changes in local chemical 
environment support the observed decrease in tetrahedrally coordinated framework Al 
revealed by 27Al SSNMR. Additionally, there is a slight up-field peak shift with increasing 
treatment temperature. An overall up-field shift of the spectrum is characteristic of changes in 
Si-O-Si angles associated with the monoclinic/orthorhombic transition.[52, 53] These 
observed changes in NMR spectra have been previously correlated with variations in the 501, 
051, 151, and 303 reflections in X-ray diffractograms.[52] For our sample series, these peaks, 
located at 2Ɵ = 26 – 28°, experienced a 2Ɵ = 0.1° peak shift similar to that observed for the 
most intense peaks discussed above, further supporting a reduced phase transition reversibility 
with increasing treatment temperature. Overall, quantification of the lost strong Brønsted acid 
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sites by NH3-TPD, pryrine-FTIR, and 27Al SSNMR is in good agreement considering the 
assumptions associated with each technique (Fig. 7). 
 
Figure 5. 27Al solid state nuclear magnetic resonance spectra of thermally treated samples: (a) 
entire spectrum, (b) scaled to characteristic peaks of tetrahedral (framework) Al, and (c) scaled 
to characteristic peaks of octahedral (extra-framework) Al.  
a) 
b) 
c) 
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Figure 6. 29Si solid state nuclear magnetic resonance spectra of thermally treated samples. 
 
Figure 7. Remaining strong Brønsted acid sites after high temperature calcination as 
determined by NH3-TPD, pyridine FTIR, and 27Al SSNMR (tetrahedrally coordinated Al). 
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Both dealumination and framework contraction could further limit diffusion. To test 
the effects of these structural changes, rate of adsorption experiments were performed on 
thermally treated samples (Fig. 8). The slower N2 uptake for ZSM-5 calcined at 900 °C 
suggests the thermally induced defects can restrict diffusion of reactants and products. Larger 
molecules would likely experience a greater limitation which would be detrimental for fast 
reactions. Heat treatments have previously been reported to be detrimental for diffusion in MFI 
membranes.[31] Restricted diffusion could also explain in part the lower number of Brønsted 
acid sites measured by pyridine-FTIR compared to other techniques (Fig. 7) and the very low 
concentration of Lewis acid sites probed with pyridine after thermal dealumination (Fig. 3 and 
Table 1). 
 
 
Figure 8. N2 uptake curves for commercial and thermally treated zeolites. 
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5.3.2 Heating rate effects on dealumination 
In addition to studying thermal deactivation, the effect of the heating rate was also 
investigated. This parameter is particularly relevant for the fast pyrolysis of biomass to 
aromatic hydrocarbons as the obtained yields vary significantly with the heating rate applied 
to deconstruct the feedstock. Fast heating rates on the order of 500 to 1000 °C/s are typically 
used to favor bio-oil vapor over coke and char formation.[54] Here, we studied the effect of 
more modest rates in order to follow the changes in the ZSM-5 structure, if any, with higher 
reproducibility. Heating rates of 1, 5, and 20 °C/min to 800 °C were used to thermally treat 
CBV2314 (Fig. 9). 27Al SSNMR spectra revealed a significant drop in tetrahedral Al with 
increasing heating rate. The formation of octahedrally and pentahedrally coordinated Al was 
also enhanced when increasing the heating rate from the 1 to 5 °C/min, followed by an increase 
in “NMR invisible” Al in going from 5 to 20 °C/min. With fast pyrolysis heating rates on the 
order of 1000 °C/min,[37] this rearrangement is an important consideration for the long term 
catalyst stability.  
 
Figure 9. 27Al solid state nuclear magnetic resonance spectra of samples thermally treated at 
800 °C using various heating ramps. 
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5.3.3 Atmosphere effects on dealumination 
While high temperature seems to be the cause of much of this atomic rearrangement in 
the present work, moisture may have also played a role. Water vapor partial pressures as low 
as 22 mmHg have been reported to sufficiently steam ZSM-5 at 540 °C causing a 30% decrease 
in crystallinity.[55] Other studies have shown moisture levels equivalent to ambient humidity 
decrease the temperature required for thermal degradation.[19] To better understand the 
contribution of water vapor produced under fast pyrolysis conditions, we performed additional 
experiments under controlled atmosphere. In one experiment, we dried the sample in an oven 
and further treated it under flowing dry N2 (< 3 ppm H2O) in a tube furnace. In a separate 
experiment, we thermally treated the commercial NH4-form ZSM-5 at 800 °C directly in the 
chemisorption instrument in UHP He (< 1 ppm H2O), cooled under He, and immediately 
performed a NH3-TPD measurement, avoiding any contact with air. Both treatments resulted 
in a less severe but still significant deactivation, thus confirming that while moisture in air may 
play a role, the high temperature is the major cause for dealumination (Fig. 10). However, we 
cannot fully exclude the effect of water vapor, even under controlled atmosphere: condensation 
of adjacent silanols has been proposed to occur at 700 °C producing water vapor [56], adsorbed 
water through contact with air during transfer to the furnace, or water that did not desorb during 
the 75 °C oven drying could still play a role at high temperatures. This drastic effect of even 
small concentrations of water on the zeolite structure can be particularly problematic for the 
processing of biomass or bio-oil, two feedstocks with high moisture content. Sufficient drying 
and removal of water must be taken into consideration to minimize catalyst deactivation over 
extended periods of time. 
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Figure 10. Temperature-programmed desorption curves obtained for commercial ZSM-5 
catalyst calcined at 550 and 800 °C in a muffle furnace (denoted CBV2314C550 and 
CBV2314C800, respectively), calcined at 800 °C under dry inert gas (N2) in a Lindberg tube 
furnace (denoted CBV2314C800 N2), and calcined at 800 °C directly in the ASAP2920 
(denoted CBV2314 TPD). 
5.3.4 Effect of the initial Si/Al ratio 
To test if this deactivation is specific to aluminum-rich ZSM-5 or can be extended to 
lower aluminum containing ZSM-5 zeolites, commercial samples provided by Zeolyst 
International with higher Si/Al ratios were thermally treated and analyzed by 27Al NMR. 
CBV3024 (Si/Al = 15), CBV5524 (Si/Al = 25), and CBV8014 (Si/Al = 40) all displayed slight 
decreases in tetrahedrally coordinated Al following an 800 °C treatment for 10 h (Table 2, Fig. 
S3 – S6). However, dealumination was significantly less pronounced for these samples than 
for CBV2314 (Si/Al = 11.5). Additionally, no change in octahedrally coordinated Al was 
observed for any of these samples, further supporting an increase in high temperature stability 
with decreased Al content. Our above results on the aluminum-rich ZSM-5 supplied by 
Clariant (HCZP27) supports that dealumination is a result of high Al content and does not 
depend on the synthesis procedure.  
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Table 2. 27Al solid state nuclear magnetic resonance peak data for thermally treated samples 
with varying silicon to aluminum ratios. 
 Tetrahedrally Coordinated Al  Octahedrally Coordinated Al Change in 
invisible Al 
(%) Sample Peak Area (Int. ppm g-1) 
Peak Ctr 
(ppm) 
Peak Int. 
(Int. g-1)  
Peak Area 
(Int. ppm g-1) 
Peak Ctr 
(ppm) 
Peak Int. 
(Int. g-1) 
CBV2314C550 2.33E+09 54.6 3.24E+08  3.47E+08 -0.8 5.11E+07 -- 
CBV2314C800 1.04E+09 53.2 8.49E+07  6.02E+08 2.7 4.30E+07 44.3 
CBV3024C550 1.02E+09 54.1 1.12E+08  1.29E+08 -1.1 1.68E+07 -- 
CBV3024C800 1.00E+09 53.2 9.87E+07  1.71E+08 -1.0 1.70E+07 -1.9 
CBV5524C550 9.01E+08 55.0 1.42E+08  4.52E+07 -0.7 6.17E+06 -- 
CBV5524C800 8.25E+08 54.7 1.19E+08  5.16E+07 -3.3 4.88E+06 7.4 
CBV8014C550 6.16E+08 55.1 1.09E+08  2.09E+07 -0.9 3.80E+06 -- 
CBV8014C800 5.32E+08 54.8 9.34E+07  1.87E+07 -0.9 3.11E+06 13.5 
 
5.3.5 Dealumination process 
Previous research demonstrated that aluminum-free and low-aluminum containing 
zeolites decompose with first-order kinetics while high-aluminum containing (here 2.5 mol% 
AlO2) decompose with second-order kinetics at lower temperatures and then revert to first-
order kinetics at higher temperatures.[19] It was proposed that the substituted Al leaves the 
framework through dehydroxylation to form oxides in the zeolite channels. These oxides 
would likely not be observed by XRD because of the low concentration of aluminum initially 
present in a tetrahedral coordination. The created defect site must then diffuse and pair with 
other lattice vacancies to form a locally unstable lattice. Of the two steps, the diffusion of 
defects is rate limiting.  
The relatively mild temperatures investigated in this study were sufficient for extraction 
of framework Al as shown by pyridine FTIR, NH3-TPD, and 27Al SSNMR. This dealumination 
was observed to occur at much lower temperatures for Al-rich ZSM-5 compared to their low 
Al analogs. A lower activation energy for this exit could result from the increase in defects 
present in Al-rich zeolites due to the less than favorable incorporation of this species. NMR 
159 
 
 
 
 
displayed greater broadening of the tetrahedrally coordinated Al NMR peak with increased Al 
content. This broadening suggests inhomogeneity of Al incorporation in the MFI framework, 
thus leading to less stable zeolite crystals. XRD patterns, however, demonstrate the energy 
available for defect diffusion at these temperatures only allowed for the combination of a few 
defect sites. These results contrast with previous reports that attributed a decrease in stability 
for high-Al zeolites to a decrease in diffusion path required for the pairing of vacancies. 
5.3.6 Consequences on catalytic activity 
The consequences of the observed changes in acidity on the fast pyrolysis of cellulose 
to BTX were investigated. Interestingly, the formation of aromatic products was enhanced for 
the sample treated at 600 °C compared to the parent ZSM-5 (Table 3). It should be noted that 
the former presented a significant decrease in strong Brønsted acid sites but increase in weak 
Lewis acid sites, which could suggest Lewis acidity also contributes to the observed catalytic 
activity. Interestingly, the decrease in BAS when comparing the samples calcined at 700 and 
800 °C treatment did not significantly impact the aromatic yield. Similarly, NH3-TPD and 
FTIR analysis of pyridinated ZSM-5 treated at 900 °C suggested a near complete suppression 
of the strong BAS. Yet, this sample still produced a 9.8% aromatic yield. While these results 
suggest no direct correlation between CFP activity and strong Brønsted acidity, comparing 
catalytic performances at full conversion can be misleading. Therefore, additional experiments 
were also performed using a catalyst-to-biomass ratio of 2, which represents a one fold 
decrease compared to the initial tests. Anhydrosugars and furanics intermediates were still 
detected under these conditions. Conversion was above 50%; however, we found that the 
numerous oxygenates and aromatics formed under lower catalyst loadings hampers their 
accurate quantification as many compounds were close to the detection limit of our GC-FID 
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instrument.[57] Conversely, higher amounts of biomass in the pyrolysis sample cup would 
impact heat transfer and, as a result, alter the pyrolysis step.[54] Therefore, a catalyst-to-
biomass ratio of 2 was the lowest catalyst loading accessible with our experimental setup. As 
expected, results obtained at lower conversions (catalyst-to-biomass ratio of 2) offered better 
insights into structure-activity correlations. Specifically, the aromatic yields decreased 
monotonically with increasing calcination temperature and mirrored the drop in Brønsted acid 
sites observed by NH3-TPD, pyridine-FTIR, and 27Al SSNMR. The discrepancies observed 
between the two sets of experiments suggest the CFP reaction is under thermodynamic control 
when using high catalyst-to-biomass ratios. This would also explain why various groups 
reported relatively similar results for ZSM-5 zeolites with significantly different textural 
properties.[13, 14, 58, 59] These observations challenge the currently accepted method for 
comparing zeolite catalysts for CFP, which focuses on maximum achievable aromatic yield 
using high catalyst loadings. 
High temperatures have a severe effect on the catalytic activity of Al-rich ZSM-5 
(Table 4). The aromatic yield dropped by ~20% after treatment at 700 °C, which is a common 
temperature for aromatization reactions and catalyst regeneration.[57] It should be noted that 
these thermal effects could be easily overlooked during catalytic studies and deactivation could 
be falsely attributed to site blocking due to coking as the aromatic products distribution was 
not impacted by dealumination (Tables 3 and 4). This observation also reveals that the extra-
framework Al species did not significantly alter the reaction. In addition, the differences in 
product distributions observed between tests performed at high (Table 3) and low (Table 4) 
catalyst loadings are expected based on previous works.[57, 60] The preferred formation of 
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toluene, xylenes, and naphthalene at the expense of benzene and alkylbenzenes with varying 
catalyst-to-biomass ratio and acid site densities has been documented.[57, 60] 
Table 3. Aromatic yield and liquid product distribution for commercial H-ZSM-5 (CBV2314) 
treated at 550, 600, 700, 800, and 900 °C. These results were obtained for a catalyst-to-biomass 
ratio of 20. 
 CBV2314C550 CBV2314C600 CBV2314C700 CBV2314C800 CBV2314C900 
Aromatic Yield (% C) 26.8 ± 0.4 29.3 ± 0.6 19.8 ± 0.6 19.9 ± 0.3 9.9 ± 0.2 
Liquid Product Distribution (%)     
Benzene 18.0 ± 0.1 17.2 ± 0.0 17.8 ± 1.1 16.0 ± 0.0 16.2 ± 0.0 
Toluene 25.4 ± 0.4 26.8 ± 0.0 27.2 ± 0.9 31.9 ± 0.1 29.6 ± 0.1 
Xylene 15.8 ± 0.0 15.7 ± 0.2 17.8 ± 0.5 21.5 ± 0.1 17.7 ± 0.0 
Alkylbenzenes 2.3 ± 0.4 4.4 ± 0.1 3.9 ± 0.8 4.5 ± 0.0 8.9 ± 0.1 
Indanes 2.8 ± 0.1 1.7 ± 0.0 2.9 ± 0.2 5.9 ± 0.0 8.3 ± 0.0 
Indenes 1.8 ± 0.0 2.0 ± 0.0 2.2 ± 0.1 3.3 ± 0.0 5.7 ± 0.0 
Naphthalenes 31.4 ± 0.1 29.6 ± 0.3 26.1 ± 3.1 16.0 ± 0.2 13.4 ± 0.0 
Fluorene 0.1 ± 0.0 0.3 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
Anthracenes 2.4 ± 0.1 2.2 ± 0.0 2.1 ± 0.3 0.9 ± 0.0 0.3 ± 0.1 
 
Table 4. Aromatic yield and liquid product distribution for commercial H-ZSM-5 (CBV2314) 
treated at 550, 600, 700, 800, and 900 °C. These results were obtained for a catalyst-to-biomass 
ratio of 2. 
 CBV2314C550 CBV2314C600 CBV2314C700 CBV2314C800 CBV2314C900 
Aromatic Yield (% C) 8.4 ± 0.9 7.8 ± 0.6 7.0 ± 0.5 4.6 ± 0.1 2.0 ± 0.1 
Liquid Product Distribution (%)     
Benzene 18.3 ± 0.2 17.5 ± 0.0 15.9 ± 0.1 15.9 ± 0.1 15.0 ± 0.1 
Toluene 23.0 ± 0.1 24.9 ± 0.0 24.4 ± 0.3 22.8 ± 0.5 18.5 ± 0.2 
Xylene 8.8 ± 0.1 10.4 ± 0.2 13.2 ± 0.4 11.5 ± 0.2 11.0 ± 0.3 
Alkylbenzenes 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
Indanes 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
Indenes 2.4 ± 0.0 2.9 ± 0.0 5. ± 0.2 11.7 ± 0.0 10.3 ± 1.6 
Naphthalenes 41.9 ± 0.6 40.0 ± 0.3 37.1 ± 0.5 35.3 ± 0.7 45.2 ± 1.9 
Fluorene 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
Anthracenes 5.5 ± 0.1 4.3 ± 0.0 3.6 ± 0.1 2.9 ± 0.0 0.0 ± 0.0 
 
The major impact of thermal dealumination on catalytic activity emphasizes the need 
for improved catalyst stability. The NMR results presented in Table 2 suggest ZSM-5 with 
higher Si/Al ratios could be more applicable for CFP. To test this hypothesis, catalytic 
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experiments were also performed on 700 °C treated samples with varying Si/Al ratios (Fig. 
11). A conventional catalyst-to-biomass ratio of 20 was used here for easier comparison with 
data published by other groups (Table 5 and Fig. 11). No significant decrease in aromatic yield 
following thermal treatment was observed for CBV3024 or CBV8014. Interestingly, CBV5524 
experienced a decrease from 24.94 to 22.95% yield but this loss of activity is insignificant 
relative to the 7% decrease observed for CBV2314 under the same conditions. Both CBV3024 
and CBV5524 display a catalytic activity greater than that observed for CBV2314 following a 
10 h treatment at the reaction temperature. Overall, the sample CBV3024 (Si/Al = 15) offered 
the best compromise between acid site density and thermal stability, thus affording both high 
yield and no significant deactivation after calcination at 700 °C for 10 h (Fig. 11). 
Table 5. Aromatic yield and liquid product distribution for commercial H-ZSM-5 zeolites with 
various Si/Al ratios: 11.5 (CBV2314), 15 (CBV3024), 25 (CBV5524), and 40 (CBV8014). 
The samples were thermally treated at either 550 or 700 °C for comparison. These results were 
obtained for a catalyst-to-biomass ratio of 20. 
 CBV2314 CBV3024 CBV5524 CBV8014 
 C550 C700 C550 C700 C550 C700 C550 C700 
Aromatic Yield (% C) 26.8 ± 0.4 19.8 ± 0.6 26.5 ± 0.3 26.3 ± 0.2 24.5 ± 0.0 22.9 ± 0.0 19.7 ± 0.5 18.2 ± 0.5 
Liquid Product Distribution (%)        
Benzene 18.0 ± 0.1 17.8 ± 1.1 11.4 ± 0.1 12.5 ± 0.4 11.3 ± 0.0 11.4 ± 0.2 11.7 ± 0.4 11.5 ± 0.2 
Toluene 25.4 ± 0.4 27.2 ± 0.9 27.6 ± 0.1 30.6 ± 0.1 25.7 ± 0.3 27.2 ± 0.1 25.6 ± 0.1 27.0 ± 0.0 
Xylene 15.8 ± 0.0 17.8 ± 0.5 18.6 ± 0.2 19.9 ± 0.3 18.7 ± 0.3 19.2 ± 0.1 20.9 ± 0.4 20.9 ± 0.2 
Alkylbenzenes 2.3 ± 0.4 3.9 ± 0.8 4.1 ± 0.0 4.8 ± 0.0 5.7 ± 0.0 5.5 ± 0.0 8.0 ± 0.1 7.3 ± 0.0 
Indanes 2.8 ± 0.1 2.9 ± 0.2 1.7 ± 0.0 2.5 ± 0.0 2.7 ± 0.0 3.1 ± 0.0 3.7 ± 0.0 3.5 ± 0.1 
Indenes 1.8 ± 0.0 2.2 ± 0.1 1.1 ± 0.0 1.6 ± 0.0 2.0 ± 0.0 2.1 ± 0.0 2.8 ± 0.0 2.5 ± 0.1 
Naphthalenes 31.4 ± 0.1 26.1 ± 3.1 32.5 ± 0.7 26.4 ± 0.8 30.7 ± 0.3 28.3 ± 0.4 25.4 ± 0.5 24.8 ± 0.8 
Fluorene 0.1 ± 0.0 0.0 ± 0.0 1.1 ± 0.0 0.9 ± 0.0 0.9 ± 0.1 1.0 ± 0.1 0.9 ± 0.0 0.7 ± 0.0 
Anthracenes 2.4 ± 0.1 2.1 ± 0.3 1.9 ± 0.1 1.7 ± 0.1 2.3 ± 0.2 2.1 ± 0.2 2.0 ± 0.2 1.7 ± 0.1 
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Figure 11. Aromatic yields achieved for the catalytic fast pyrolysis of cellulose using zeolites 
with varying Si/Al ratios thermally treated at 550 and 700 °C. 
5.4 Conclusion 
Al-rich ZSM-5 zeolites are desired for catalytic application due to the high density of 
strong Brønsted acid sites able to catalyze a broad range of deoxygenation and oligomerization 
reactions. However, our results demonstrate that Al-rich ZSM-5 undergoes a severe 
dealumination in the temperature range of 600 – 800 °C. 27Al and 29Si SSNMR revealed the 
rearrangement of tetrahedrally coordinated framework Al to form the thermodynamically 
favored octahedral extra-framework Al species. Because aluminum’s coordination dictates the 
acid site type, this transition results in a decrease in strong Brønsted acid sites, as shown by 
NH3-TPD and pyridine-FTIR. Quantitative XRD, FTIR analysis, and 29Si SSNMR showed that 
the extracted aluminum did not cause the zeolite structure to collapse and, overall, the MFI 
crystallographic structure was preserved even after 10 h at 900 °C. The observed dealumination 
was unambiguously attributed to the high temperature as the gas atmosphere and its water 
content had, comparatively, only a limited effect. The catalytic activity of the thermally treated 
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Al-rich ZSM-5 for the fast pyrolysis of cellulose to aromatic hydrocarbons dropped as a 
consequence of the reduced Brønsted acidity. These results suggest that the observed catalytic 
activities for high temperature aromatization reactions, at 700 °C or above, are representative 
of the fresh catalyst but do not take the dynamic structural changes that occur over longer time 
scales into account. Operating temperatures of 600 °C or below would be beneficial to the 
long-term stability of the catalyst, especially if fast heating rates are required. Alternatively, 
ZSM-5 with higher Si/Al ratio revealed to be less prone to dealumination and showed a higher 
activity at 700 °C than low Si/Al zeolites despite having fewer initial Brønsted acid sites.  
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5.7 Supplementary Information 
 
 
 
Table S1. N2 physisorption summary for commercial Zeolyst CBV2314 ZSM-5 calcined at 
various temperatures.  
Catalysts[a] 
Surface area (m2 g-1)[b] Volume (cm3 g-1)[c] 
Stotal Smicro Smeso Vtotal Vmicro 
CBV2314C550 372 274 98 0.202 0.127 
CBV2314C700 346 269 77 0.183 0.126 
CBV2314C900 325 269 56 0.180 0.126 
 
[a]CBV2314CXXX: commercial ZSM-5 calcined at various temperatures (XXX = 550 – 900 °C) 
[b]Specific surface areas determined from N2 physisorption using the BET (total) and t-plot 
(micropores) methods. The mesoporous surface area was calculated by difference. 
[c]Total and microporous volumes determined by N2 physisorption using the single-point adsorption 
pore volume (total) and t-plot (micropores) methods. 
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Table S2. 27Al solid state nuclear magnetic resonance spectra peak data for Zeolyst CBV2314 
ZSM-5 thermally treated at varying temperatures from 550 to 900 °C. 
Sample 
Tetrahedral  
Peak Area 
(int. ppm g-1) 
Pentahedral 
Peak Area[a] 
(int. ppm g-1) 
Octahedral  
Peak Area 
(int. ppm g-1) 
Increase in 
Invisible Al 
(%) 
 
CBV2314C550 2.03E+09 1.05E+07 2.89E+08 0.0 
CBV2314C600 1.86E+09 8.84E+06 2.86E+08 7.5 
CBV2314C700 1.13E+09 3.25E+07 3.58E+08 34.8 
CBV2314C800 8.04E+08 6.65E+07 4.28E+08 44.3 
CBV2314C900 6.06E+08 1.01E+08 4.30E+08 51.3 
 
[a]Adjusted for spinning side bands. 
 
 
Table S3. 29Si solid state nuclear magnetic resonance spectra peak data for Zeolyst CBV2314 
ZSM-5 thermally treated at varying temperatures from 550 to 900 °C. 
Sample % Si(0Al) % Si(1Al) % Si(2Al) 
CBV2314C600 87.4 10.4 2.2 
CBV2314C700 90.9 4.5 4.6 
CBV2314C800 94.8 3.8 1.4 
CBV2314C900 94.0 2.9 3.2 
Peak Baseline[a] -101 to -116 -95 to -107 -90 to -100 
 
[a]G. Engelhardt, Multinuclear solid-state NMR in silicate and zeolite chemistry, TrAC, Trends Anal. 
Chem., 8 (1989) 343-347 
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Figure S1. SEM of commercial Zeolyst CBV2314 ZSM-5 calcined at (a) 550 °C, (b) 700 °C, 
and (c) 900 °C. 
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Figure S2. Ammonia TPD of commercial zeolites from Zeolyst (CBV2314, calcined at 550 
°C) and Clariant (HCZP27, as received H-form and calcined at 550 °C).  
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Figure S3. 27Al solid state nuclear magnetic resonance spectra of thermally treated CBV2314 
(Si/Al = 11.5). 
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Figure S4. 27Al solid state nuclear magnetic resonance spectra of thermally treated CBV3024 
(Si/Al = 15). 
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Figure S5. 27Al solid state nuclear magnetic resonance spectra of thermally treated CBV5524 
(Si/Al = 25). 
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Figure S6. 27Al solid state nuclear magnetic resonance spectra of thermally treated CBV8014 
(Si/Al = 40). 
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CHAPTER 6: GENERAL CONCLUSIONS 
Increasing environmental concerns and the depletion of fossil fuel reserves drive the 
search for more sustainable sources of chemicals and fuels. Biomass offers a cheap, abundant, 
carbon rich feedstock that could alleviate our reliance on petroleum. However, biomass 
contains upwards of 48 wt% oxygen that must be removed before use as a fuel or co-processing 
with petroleum. Catalytic fast pyrolysis (CFP) offers a simple and scalable approach to 
deoxygenate and upgrade biomass but is limited by the undesired formation of coke. The high 
temperatures required for CFP favor coke formation through condensation of the oxygenated 
intermediates on ZSM-5’s outer surface and/or secondary reactions inside its micropores. Here, 
coke formation and aromatic yield were addressed from a catalyst structure point of view.  
Introducing mesopores through desilication was used to enhance mass transport and 
improve acid site accessibility. Mild desilication conditions introduced mesopores without 
affecting the zeolite framework type, elemental composition, or aluminum coordination. The 
synthesized catalysts were tested for the catalytic fast pyrolysis of cellulose, lignin, and red 
oak. While improvements for the CFP of cellulose is almost within error, it is advantageous to 
process raw biomass, e.g. red oak, over desilicated ZSM-5. However, it remains unclear if 
enhanced catalytic activity of desilicated zeolites can be attributed to improved diffusion 
and/or mass transport of reaction intermediates.  
The interplay of structural parameters under reaction conditions was also investigated 
to improve catalyst design. Here, zeolites with varying degrees of porosity, acidity, and 
crystallinity were synthesized to identify parameters common to high-performance catalysts. 
It was demonstrated that amorphous alumina species alter the diffusion of reactants and lower 
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the amount of Al in framework sites and, consequently, alter the Brønsted acid site density and 
strength. It was also demonstrated that all structural parameters are closely interconnected. 
Building on these findings, a highly crystalline zeolite with minimal defects and amorphous 
material was synthesized. This sample afforded a 12% increase in aromatic yield relative to 
the previously highest reported yields for cellulose.  
To clarify why mesoporous and highly crystalline zeolites are beneficial for this 
reaction, the role of internal micropore diffusion and external boundary layer mass transfer in 
coking was studied. Reaction tests, zero-length chromatography diffusion measurements, and 
the calculation of the mass transfer Biot number strongly suggest micropore diffusion is the 
dominant cause of coke formation. Additionally, the presence of defects in the zeolite’s 
micropores were found to further contribute to this undesired side reaction. Conversely, 
external surface barriers appear to play a minimal role in coking. 
In addition to catalyst optimization, ZSM-5’s structural stability under fast pyrolysis 
conditions was also studied with a focus on high-aluminum content zeolites. The results 
demonstrated that Al-rich ZSM-5 undergoes Al rearrangements in the temperature range of 
600 – 800 °C. These transformations resulted in a loss of the strong Brønsted acid sites 
characteristic of tetrahedrally coordinated Al but did not cause the structure to collapse. 
Catalytic activity dropped as a consequence of this loss in acidity. From this investigation, it 
is recommended that operating temperatures below 600 °C be used to preserve the long term 
stability of this catalyst.  
Overall, mesopores introduced through both top down (desilication) and bottom up 
(nanocrystal aggregates) methods improved diffusion and/or acid site accessibility. However, 
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the consequential increase in amorphous Al was found to be detrimental for aromatization 
reactions. Instead, highest yields are reported for highly crystalline zeolite despite the large 
crystals and micropore-dominated diffusion. This work sets the foundation for future studies 
on zeolite modifications for catalyzed fast pyrolysis.  
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CHAPTER 7: FUTURE DIRECTIONS 
While much has been learned about diffusion and coking over the course of this project, 
theoretical yields leave considerable room for improvement. Here I present two new 
approaches to better clarify and address the root cause of coke formation. 
6.1 Zeolite synthesis 
This work could serve as a foundation for further iterations of zeolite synthesis 
followed by identification of structure-activity correlations. As a starting point, work could 
focus on the synthesis of highly crystalline mesoporous HZSM-5. We identified that current 
mesopore synthesis techniques introduce undesired amorphous material that is detrimental to 
CFP. However, mesopores were found to improve diffusion and acid site accessibility, 
offsetting decreases in activity due to the presence of out-of-framework species. This suggests 
a highly ordered mesopore structure could further decrease coke formation. Zeolite synthesis 
could also include the addition of metals to the HZSM-5 structure. A bifunctional catalyst 
introduces another degree of complexity but presents new opportunities for improved activity.   
6.2 Ex-situ pyrolysis 
Alternatively, coke formation could be investigated through an optimization of reaction 
conditions. In addition to favoring coking, we have shown the high temperatures required for 
biomass deconstruction make long term processing with zeolites difficult. These results 
suggest a decoupling of biomass deconstruction and catalytic upgrading through ex-situ 
experiments should be beneficial. While high temperatures are still required for complete 
deoxygenation, complete deoxygenation may not be necessary for a stable, refinery-
compatible stream. There likely exists a balance between ex-situ bed temperature and coke 
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formation for an acceptable level of deoxygenation while significantly lowering the rate of 
deactivation. Knowledge gained from previous work could also be applied to these 
experiments such as the use of mesoporous zeolites studied in Chapter 2, optimized structures 
from Chapters 3 and 4, or operating conditions discussed in Chapter 5. By increasing catalyst 
lifetime, this technique could increase the industrial feasibility of zeolite catalyzed CFP. 
 
 
 
